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Abstract

Scarlet Ammannia (Ammannia robusta) is an annual emergent wetland plant of the
Lythraceae family. Throughout most of its distribution, the species population is stable under
present conditions. However, this is not the case in Canada, where A. robusta is considered
endangered with only a few small populations documented in British Columbia and Ontario. In
response, a recovery strategy was created for A. robusta outlining the lack of information on the
species biology and ecology, with a primary objective to assess the populations in Ontario and
gain information on what may be contributing to the species rarity. To assess the population
status of A. robusta in Southwestern Ontario, a series of vegetation surveys and seed bank assays
were conducted in historically populated or newly identified suitable areas in Essex County
during 2016, 2017, and 2018 growing seasons. Although A. robusta was not seen in all historic
locations, seed bank studies revealed its presence in all but one of the historic locations. The
number of seedlings germinating from soil cores ranged from 0.04 ± 0.02 to 1.14 ± 0.42
seedlings per cm2. To evaluate the interaction between A. robusta and its neighbouring species,
field and greenhouse trials were conducted to test the hypothesis that the number of A. robusta
plants and their above- and below-ground biomass would increase with the removal of
competition. However, these comparisons were inhibited by the lack of seed germination.
Additionally, germination trials were conducted in a growth chamber to determine the effects of
light intensity (% full light), light duration (daylight hours), or temperature (°C) on A. robusta
germination. It is hypothesized that the percentage of A. robusta seeds germinating will increase
with increasing light intensity, duration, and temperature. The results showed that light duration,
and the interaction between light intensity and the number of weeks, had significant effects on A.
robusta germination. The percentage of seeds germinating increased with an increase in light
intensity (100% full light) and light duration (up to 15 hours of daylight). The interaction
i
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between temperatures and sampling days were also observed to have significant effects on A.
robusta germination. Ammannia robusta’s minimum, maximum, and optimal temperature
requirements were observed to be 10/5 to 15/10, 40/35 to 35/30, and 20/15°C, respectively. The
results do not support the view that A. robusta germination is limited by light or temperature in
the field since both requirements for germination are satisfied at most sites. Based on the results,
we believe that since A. robusta is prevalent in the seed bank where it occurs, but seeds exhibit
low rates of germination, other factors must impede seedling establishment. Future research and
management treatments focussed on assessing such factors, including the effects of invasive
species on A. robusta germination, combined with consistent monitoring programs, will assist in
finding the proper mitigation plans to improve A. robusta’s distribution.
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Chapter 1: General introduction and literature review
1.1 Biology and geographical distribution
1.1.1 Species name and taxonomic history
Ammannia robusta Heer & Regel (Scarlet Ammannia) belongs to the Lythraceae family,
commonly known as the Loosestrife family (Graham 1979). Consisting of about 31 genera and
600 species, the family is widely distributed in the subtropics and tropics of both hemispheres
and can also be found in temperate regions (Graham 2007). Genus Ammannia was named for
Paul (John) Ammann (1634 to 1691), a German botanist and director of the medical garden at the
University of Leipzig (Rowell 1980). Ammannia was first applied by William Houston to a plant
now referred to as Ammannia latifolia L. in 1736 when describing his Caribbean collections
(Graham 1985). Following this, the genus was formally described by Linnaeus in 1753
(Linnaeus 1753) in Species Plantarum (Graham 1985). The species synonyms include Ammannia
alcalina (Blankinship), Ammannia coccinea subsp. robusta (Heer and Regel) Koehne, and
Ammannia sanguinolenta subsp. robusta (Heer and Regel) Koehne and Ludwigia scabriuscula
(Kellogg) (Brouillet et al. 2010+). In North America, A. robusta has been overlooked because of
how morphologically similar the species is to Ammannia coccinea Rottb. and Ammannia
auriculata Willd. (Graham 1979 ; Graham 1985; Montana Field Guide 2020). Some small
distinguishing characteristics are noted; while A. robusta petals are pale lavender, A. coccinea
petals are deep rose to purple, and anthers are pale-yellow and deep yellow respectively (Graham
1979; Graham 1985).
1.1.2 Species description
Ammannia robusta is a glabrous, decumbent to erect, simple or branched summer annual
ranging from 15 to 100 cm in height (Graham 1985; McClintock 1993; Douglas et al. 1999)

2

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
(Figure 1.1). It is considered an obligate wetland plant by the United States Department of
Agriculture as it is almost always found in wetlands (Lichvar 2013; United States Department of
Agriculture 2019). It has opposite, oblong to oblanceolate, sessile leaves that range from 2 to 8
cm in length and are cordate-clasping at the base (Graham 1985; McClintock 1993; Douglas et
al. 1999). The flowers are usually arranged in axillary cymes of 3 to 5 (Graham 1985; Douglas
1999). The calyx has united sepals, surrounding a spherical hypanthium 2 to 3 mm long
(Hickman 1993). Petals are free, pale-lavender ranging from 3 to 5 mm in length (Graham 1985;
Douglas 1999). There are 4 stamens, exerted beyond the hypanthium with pale-yellow anthers
(Graham 1985). Each mature plant produces between 15 to 45 fruits (Graham 1985; Douglas et
al. 1999; Costea et al. 2017) (Figure 1.2). The fruits are glabrous capsules, with a thin pericarp, 3
to 5 mm in length that develop from a syncarpous gynoecium with a 2 to 4 locular and superior
ovary (Graham 1979; Graham 1985; McClintock 1993; Douglas et al. 1999; Costea et al. 2017).
The ovules are attached to a central placenta and the corolla is persistent at fructification and
covers the mature capsule as a dry membrane (Costea et al. 2017).
Seeds are small (420 to 490 µm long, 300 to 378 µm wide, and 165 to 220 µm thick) and
numerous (250 to 400) in each fruit. The seed shape is ovoid, obovoid or ellipsoid with a convex
dorsal surface and a concave or flat ventral surface (Costea et al. 2017). The seeds have bicompartmental anatomy with the embryo compartment situated on the dorsal side (Costea et al.
2017). The embryo is straight, with the radicle located near the hilum scar (Costea et al. 2017).
The hilum scar and the micropyle are located on the ventral side in a small, subterminal
depression (Costea et al. 2017). Under the ventral side, large air pockets form an extensive
aerenchyma compartment (Costea et al. 2017).
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1.1.3 Geographical distribution
Ammannia robusta is native to North America and is among four species of Ammannia to
be found there (Graham 1985; Douglas 1999). It occurs most abundantly north of Mexico from
North Dakota and Western Minnesota south to Oklahoma, extending sporadically into Texas,
Northern Arkansas and Tennessee (Kartesz 2015). It also ranges into the west where it is
unevenly distributed from Colorado to California becoming rare in the northwest from Wyoming
to British Columbia. Additional populations are found in the Great Lakes region from Wisconsin
east to Southern Ontario and south to Southern Ohio (Kartesz 2015) (Figure 1.3). In Mexico, it is
mainly confined to coastal states from Northern Baja California and Sonora Nayarit to Chiapas
in the west and Tamaulipas to Quintana Roo in the east (Graham 1985; Villaseñor 2016). The
species is also present in the Caribbean and on the east coast of South America (Graham 1985).
Additionally, A. robusta has been introduced to Hawaii, Philippines, and the South Pacific as a
contaminant of rice (Les 2017).
In Canada, the populations are restricted to a few small areas resulting in the “at risk”
designation (Scarlet Ammannia Recovery Team 2008). In British Columbia, they are restricted
to 4 sites surrounding the Osoyoos Lake in the south-central part of the province (Douglas and
Oldham 1997; Douglas et al. 2002). The Osoyoos Lake Motel and Haynes Point populations are
considered to be extirpated (Environment Canada 2015). In both sites, A. robusta has not been
observed since 1953 despite intensive search efforts between 1991 and 2014 (Environment
Canada 2015). In the Osoyoos Lake Motel habitat, the site has been rendered permanently
unsuitable by motel development (Douglas and Oldham 1997; Environment Canada 2015).
Similarly, the Haynes Point populations habitat has been altered, where the natural substrate was
removed and replaced with coarse sand for beach management (Douglas and Oldham 1997).
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The populations found in Ontario are limited to the most southern parts of Essex County,
including Pelee Island in Lake Erie as per previous records, A. robusta populations
(“populations” are characterized as being separated by >1 km) were found in 6 sites in
Southwestern Ontario around Lake Erie (Environment Canada 2015). One of these populations
in Leamington (Site 1) and four on Pelee Island (Site 2, Site 3, Site 4, and Site 5), and one in
Kingsville (Ontario Natural Heritage Information Centre 2012; Environment Canada 2015).
1.1.4 Habitat
Species of Ammannia that occur in temperate regions tend to be found in damp to wet
habitats (Booi et al. 2003). In British Columbia, Canada, the species is found in the southern
Okanagan Valley, in the Osoyoos Lake area, which is characterized as a habitat with a semi-arid
steppe climate, with cold winters, hot and dry summers, a relatively low annual rainfall (300
mm), and short growing seasons (Environment Canada 2015). In Ontario, A. robusta is found in
the southernmost part of the province in Essex County. Relative to the rest of the province, this
area has the mildest climate due to an influx of hot humid air from the south resulting in little
frost penetration into the ground during the winter (Environment Canada 2015).
The federal recovery strategy states that during the past 25 years, A. robusta in Essex County has
been reported to be found in a wide range of habitats including: mudflats, sand beaches, wetland
edges, dried-up pond bottoms, drainage canals/ditches, and moist sandy depressions (McClintock
1993; Environment Canada 2015). These habitats are normally submerged early in the year, but
plants are able to establish when water levels recede in the summer (Environment Canada 2015).
Additionally, A. robusta has been reported to develop extensive populations in fresh water to
depths of 0.5 m (Graham 1985). However, it is unclear if plants established under these
conditions or if water levels rose after plant establishment. Ammannia robusta can occur in dense
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stands, as confirmed by Stevens et al. (2016; 2017) but must re-establish every year from a seed
bank (Graham 1985; Environment Canada 2015). Ammannia robusta grows together with other
plant species which tolerate early seasonal flooding, such as the semi-aquatic species, Eleocharis
acicularis (L.) Roemer & J.A Schultes and Lysimachia nummularia L. (Scarlet Ammannia
Recovery Team 2008; Environment Canada 2015).
1.1.5 Reproduction biology
Ammannia is predominately an autogamous genus, although out-crossing occurs (Graham
1985; Douglas 1999; Mattrick 2001). Graham (1985) states that flowers are visited by skippers
and small bees for nectar produced by the thickened glandular area surrounding the base of the
ovary. Additionally, small bees (Hymenoptera), moths (Lepidoptera), and dragonflies (Odonata)
were observed visiting A. robusta at Site 1 in Leamington, Ontario (2017) indicating a potential
for cross-pollination (Stevens et al. 2017; Les 2017) (Figure 1.4). In A. robusta, self-pollination
starts at anthesis, anther dehiscence and stigma receptivity begin simultaneously when these
organs are at the level of the floral tube opening or slightly exserted (Graham 1985). The
enlargement of the capsule after fertilization causes the style, which does not elongate
significantly, to extrude prominently from the floral tube (Graham 1985).
Ammannia robusta does not reproduce vegetatively and tests for agamospermy (asexual
seed production) were negative, so population survival depends on seeds and the seed bank
(Graham 1985; Noyes and Rieseberg 2000; Les 2017). Ammannia robusta seed production is
high (250 to 400 in each fruit) and germination of A. robusta has been seen to exceed 80% under
optimal conditions, therefore seed production is not considered a limiting factor for A. robusta’s
reproduction (Costea et al. 2017). Under greenhouse conditions, A. robusta seedlings are very
small and have a relatively slow growth, taking about 4 weeks to grow from a small seedling (~2
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cm) to a medium size seedling (~8 cm) (Costea et al. 2017). It is unclear how long it takes to
reach the flowering stage in the field, but after an additional 4 to 6 weeks in the greenhouse,
plants were 45 to 60 cm tall and produced 50 to 70 capsules (Costea et al. 2017).
A specialized feature common in seeds of the Lythraceae and noted in preliminary
germination trials conducted on A. robusta is the ability to produce mucilage (Graham and
Graham 2014; Costea et al. 2017). This phenomenon (myxospermy, myxodiaspory) occurs in at
least 86 angiosperm families (Grubert 1974, Grubert 1981; Western 2012). The mucilage is
typically produced by either trichomes on the surface of the seed coat or under the cuticle layers
(Graham and Graham 2014). Costea et al. (2017) discovered that as early as 20 minutes after A.
robusta seeds come in contact with water “hairs” or “trichomes” evaginate and grow inside the
epidermal cells, that have a pectin-mucilaginous nature. The high frequency of myoxospermic
plants in arid habitats (Grubert 1974; Ellner and Shmida 1981; Ryding 2001) suggests an
adaptive advantage of seed mucilage. Studies conducted on Alyssum (Sun et al. 2012) and
Artemisia (Yang et al. 2010), species adapted to arid conditions, showed that under osmotic
stress seeds with mucilage germinated faster and had higher rates of germination than seeds that
lacked mucilage. Due to the significant hydrophilicity of mucilage and its ability to retain water,
a presumed role is in seed hydration or as a water reservoir for germination (Grubert 1974; Fahn
1982; Kreitschitz 2009).
1.1.6 Seed dispersal mechanisms
These mucilaginous hairs are present in other Lythraceae and in addition to their role in
arid environments it is hypothesized that they may aid in the dispersal of seeds (Panigrahi 1986;
Graham and Graham 2014; Costea et al. 2017). Seeds of other Ammannia species, like those of
other Lythraceae, are most likely dispersed by water (Ridley 1930; Graham 1985). The seeds of
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Ammannia spp. possess an aerenchymatous compartment on their adaxial side (Ridley 1930;
Graham and Graham 2014; Costea et al. 2017). This aerenchymatous compartment and the
spike-like hygroscopic hairs which are everted from seed-coat epidermal cells in water (possibly
used for attachment purposes) support the claim that Ammannia species are well adapted for
aquatic dispersal by expanding the float surface area (Graham 1985; Panigrahi 1986; Graham
and Graham 2014). Costea et al. (2017) conducted a flotation experiment with A. robusta seeds
to assess the capacity for water dispersal. After immersing A. robusta seeds in water for three
weeks, only about 2% of all seeds sank, with the longest floating duration exceeding 2 months,
thus supporting the capability of the seeds being suitable candidates for dispersal by water
(Costea et al. 2017). The extremely small size and lightness of the seeds also suggests that they
may be easily transported by wind and gravity (Mattrick 2001; Costea et al. 2017).
Euliss and Harris (1987) examined the feeding habits of northern pintails and greenwinged teal and concluded that mature capsules of A. robusta are consumed by waterfowl after
observing them in their esophagus contents. Additionally, ducks have been known to eat A.
robusta fruits (Culver and Lemly 2013). If the fruits are consumed by waterfowl, the seed coat
around the embryo compartment is expected to provide sufficient protection while passing
through the digestive tract (Costea et al. 2017). Due to these findings, seeds are likely also able
to be dispersed long-distances through endozoochory (Costea et al. 2017).
1.1.7 Seed dormancy and germination biology
As outlined in the federal recovery strategy, A. robusta’s germination requirements have
been identified as a knowledge gap (Scarlet Ammannia Recovery Team 2008). To understand
the antecedent conditions of seed germination, it is necessary to understand seed dormancy. Seed
dormancy is regarded as the failure of an intact and viable seed to complete germination under
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favorable conditions (Bewley 1997; Baskin and Baskin 2004b). Hence, it is this phenomenon in
A. robusta that must be investigated to address the knowledge gap.
However, given the minimal information on A. robusta we must infer dormancy breaking
requirements partly based the congeneric species A. coccinea, dormancy in the seeds of which
has been the subject of two studies. Baskin et al. (2002) found that A. coccinea has a
physiological dormancy (PD). Physiological dormancy is the most common class of seed
dormancy (Baskin and Baskin 2004a; Graeber et al. 2012; Baskin and Baskin 2014). Many seeds
of aquatics with a physiological dormancy require cold stratification for dormancy break, while
others require warm stratification or dry storage at room temperatures (Baskin and Baskin 2014).
It is reported that seed germination of A. robusta takes place on warm (30 to 45°C) muddy or
alluvial substrates, however there are no germination studies supporting this claim (Scarlet
Ammannia Recovery Team 2008; Environment Canada 2015). In Ontario, mature plants have
been recorded as early as July suggesting that germination occurred when temperatures were
well below those previously recorded (Stevens et al. 2016) as the average temperatures in May
and June on Pelee Island are 14.3 and 19.7°C respectively (Norwegian Meteorological Institute
2020). Studies of A. coccinea indicate that the species requires high temperatures (30 to 35°C
day/15 to 20°C night) and light, not only to break dormancy, but also to have optimal
germination results (Baskin et al. 2002; Shen et al. 2010).
Light is one of the most important environmental factors that is necessary for releasing
seed dormancy in many species (de Fátima Sales et al. 2011) and it is well known that many
relatively small seeds require light to germinate (Cousens et al. 1993; Milberg et al. 2000). With
that information, preliminary studies were conducted that suggest a relationship between light
duration and intensity on A. robusta germination. Costea et al. (2017) reported that seeds
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exposed to light for a longer duration (15 hours of daylight instead of 12) and a higher light
intensity (100 as opposed to 25%) had a significantly higher germination rate and were unable to
germinate in darkness, indicating that they are photoblastic. The results from the preliminarily
experiments conducted on A. robusta coincide with those of Shen et al. (2010) on A. coccinea,
strongly suggesting that both light and high temperatures are required to break dormancy (Costea
et al. 2017). This conclusion is also supported by Baskin et al.’s (2002) experiments conducted
on A. coccinea. Regardless of whether the seeds were exposed to flooding or not during burial,
when exposed to the right temperature and light (30/15 and 35/20°C day/night temperatures) A.
coccinea seeds had 83 to 93% germination success (Baskin et al 2002). With these results, more
research needs to be done to determine the optimal germination requirements for A. robusta.
Besides germination, seed bank persistence and dispersal ability are important factors affecting
the survival of populations in the highly dynamic habitats where the species is present
(Thompson and Grime 1979; Thompson et al. 2001).
Baskin et al. (2002) also found that A. coccinea has significantly higher germination rates
when exposed to flood conditions. However, preliminary studies conducted with A. robusta
suggest that this is not true of it. A total of 80% of seeds collected in 2017 and kept dry in cold
storage for ~2 months germinated when exposed to light and high temperature conditions
(30/20°C day/night) and no flooding (Costea et al. 2017).
1.1.8 Seed banks
Seed banks play an important role in many wetland plant communities because they are
repositories species represented currently and previously in the vegetation cover (Wetzel 2001).
The seed bank refers to the natural storage of seeds, often dormant, within the soil (Environment
Canada 2015). Some annual plants rely on these banked seeds for successful perpetuation from
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year to year, specifically in early-successional or dynamic and naturally transient/patchy habitats
(Environment Canada 2015; Beatrijs and Olivier 2008). Many wetland plants have been reported
to form persistent seed banks as survival strategies (Grime et al. 1981; Keddy and Reznicek
1982). Persistence in the soil is itself strongly correlated with seed size (Thompson et al. 1993;
Hodkinson et al. 1998), with small seeds dominating the seed bank (Eriksson and Eriksson
1997).
Ammannia robusta as well as other Ammannia spp., being early-successional annual
species (Environment Canada 2015), possess the ability to form persistent seed banks (Roberts
1981; Wall and Stevens 2015). Since A. robusta is found in mudflats that are subject to
stochastic regimes of flooding and dewatering, the persistent seed bank is important in sustaining
population survival for the upcoming growing seasons (Voigtlander and Poppe 1989). A study
conducted by van der Valk (2013) assessed seed banks of drained riverine wetlands in Iowa,
USA to determine if they contain the seeds of the species that typically dominate the seeds banks
of undrained Iowa wetlands. Ammannia robusta was found remaining in the seed bank of all 10
former wetlands sampled in 1999, which had since been converted to agriculture crops. A
preceding study of the seed banks of drained wetlands in Iowa was that of Wienhold and van der
Valk (1989) who examined the seed bank of extant and drained wetlands to determine the
potential role of seed banks in the restoration of drained wetlands in northern prairie wetlands.
The results from this study indicated that among the 82 seed banks sampled (that had been
drained between 5 to 70 years ago), A. coccinea had propagules that persisted for 40 years in at
least 2 or more of the study sites (Weinhold and van der Valk 1989). In another study assessing
if annually flooded and dewatered mudflats in Land Between the Lake in western Kentucky and
northwestern central Tennessee (USA) exhaust the seed bank, Baskin et al. (2019) found A.
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coccinea seeds were viable for at least 14 years. In the 14 years, A. coccinea seeds germinated in
at least 9 years, showing the persistence of the seed bank (Baskin et al. 2019). While there is
some evidence that may suggest A. robusta has the capability to form a persistent seed bank, the
length of time that the seeds remain viable in the seedbank is unknown. A study by Costea et al.
(2017) used seeds from a herbarium specimen collected in 1975 from Lake Henry Marsh edges
on Pelee Island, Ontario to run germination experiments. No seeds germinated which may have
been a result of the herbarium specimen being held at room temperature for 42 years, a
temperature which can affect seed viability especially over extended periods of time (Pradhan
and Badola 2012; Costea et al. 2017).
The estimation of seed bank depletion rates is essential when planning the recovery
strategy for an endangered plant species (Baskin and Baskin 2014). Confirming the persistence
of A. robusta seeds in seed banks over successive years can aid in the species recovery and
reintroduction. It is also important to assess the seed bank to more accurately collect information
on plant community composition (van der Valk and Penderson 1989). This becomes more
important when standing vegetation is not present which may be due to prevailing conditions that
do not favour germination (Wall and Stevens 2015).
1.2 Conservation status in North America
1.2.1 Conservation status in Canada
Ammannia robusta has legal status federally under Canada’s Species at Risk Act , and
provincially under Ontario’s Endangered Species Act, 2007 (ESA). In British Columbia, where it
also occurs, government plans to introduce endangered species legislation in 2020 have been
deferred indefinitely, leaving A. robusta without legal status. Ammannia robusta was listed as
“Endangered” nationally by the Committee on the Status of Endangered Wildlife in Canada
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(COSEWIC) in 2001 (Ontario Ministry of Natural Resources and Forestry 2017). It was added to
Schedule 1 of SARA in 2005 (Ontario Ministry of Natural Resources and Forestry 2017). In
2004, it was listed as endangered without any applicable protections under Ontario’s former
Endangered Species Act (Ontario Ministry of Natural Resources and Forestry 2017). When the
current provincial act came into effect in 2008, it remained listed as endangered and received
both species and habitat protection (Ontario Ministry of Natural Resources and Forestry 2017).
The status of “Endangered” means that the species lives in the wild in Ontario but is facing
imminent extinction or extirpation (Government of Ontario 2014), and in the case of A. robusta
the species is currently facing imminent extirpation (Environment Canada 2015).
Ammannia robusta also has non-legal conservation statuses assigned under the
NatureServe ranking system. NatureServe Canada ranks it “critically imperilled” at a national
level. In both Ontario and British Columbia, the NatureServe Conservation Data Centers (CDC)
have also ranked A. robusta “critically imperiled because of extreme rarity (five or fewer extant
occurrences or very few remaining individuals) or because of some factor(s) that make it
especially vulnerable to extirpation or extinction” (Douglas et al. 1999; NatureServe 2020). Due
to these assessments, it is important to identify the threats these populations may be experiencing
in order to determine ways to improve species abundance (Scarlet Ammannia Recovery Team
2008).
Following the Committee on the Status of Endangered Wildlife in Canada (COSEWIC)
assessment in 2001 and the Committee on the Status of Species at Risk in Ontario (COSSARO)
assessments in 1998 and 2001, the Scarlet Ammannia Recovery Team completed a recovery
strategy for the species in British Columbia and Ontario in 2008 (Ontario Ministry of Natural
Resources and Forestry 2017). In 2015, the federal government adopted this strategy under
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SARA as the recovery strategy for A. robusta in Canada (Ontario Ministry of Natural Resources
and Forestry 2017). The government of Ontario adopted the federal strategy under the
Endangered Species Act (ESA) in 2017 (Ontario Ministry of Natural Resources and Forestry
2017). The overarching goal of the original strategy was to provide the best available scientific
knowledge on what is required to achieve recovery of A. robusta by determining its current
population status in Canada (Scarlet Ammannia Recovery Team 2008). In addition, the recovery
strategy identified the need to understand the species ecology and biology, including germination
requirements (Scarlet Ammannia Recovery Team 2008).
1.2.2 Conservation status in the United States of America (U.S.A)
Similar to Canada, A. robusta is considered threatened in several U.S.A states and has
been assigned NatureServe conservation status ranks commensurate with the levels of threat in
these states. Thus, the species is ranked “Imperiled” in Montana and “Critically Imperiled” in
Wisconsin, Idaho, Washington, Montana and Wyoming (Scarlet Ammannia Recovery Team
2008). “Imperiled” refers to a species at high risk of extinction or elimination due to restricted
range, few populations or occurrences, steep declines, severe threats, or other factors
(NatureServe 2020). “Critically Imperiled” denotes any species at very high risk of extinction or
elimination due to very restricted range, very few populations or occurrences, very steep
declines, very severe threats, or other factors (NatureServe 2020). Ammannia robusta has also
been considered a species of “Special Concern” in the State of Michigan since 2009 indicating
declining or relict species in the state (Michigan State University 2009). Additionally, the species
is also ranked as “Vulnerable” in Arizona (Scarlet Ammannia Recovery Team 2008;
NatureServe 2020). “Vulnerable” refers to a species at moderate risk of extinction or elimination
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due to a fairly restricted range, relatively few populations or occurrences, recent and widespread
declines, threats, or other factors (NatureServe 2020).
1.2.3 Threats in Ontario
In Ontario, A. robusta is exposed to many threats that are likely to result in the
destruction of the species critical habitat (Environment Canada 2015). Through evolution, each
species has become adapted to fit into a particular ecological niche and when the environment
changes beyond the limits of their ecological tolerances, their numbers decline until they become
at risk (Government of Canada 2014; Bellard et al. 2014). There are many, often complex and
interrelated, reasons why certain species decline and become at risk (Government of Canada
2014). The main threats A. robusta likely faces include altered hydrological regimes, destruction
of natural shoreline, introduction of alien species, and the activities related to the control of these
invasive species (Scarlet Ammannia Recovery Team 2008).
Ammannia robusta demonstrates a preference for early-successional habitat and therefore
succession has been identified as a potential threat at three of the four extant sites in Ontario
(Environment Canada 2015). As an early-successional species, A. robusta, as well as others are
those specialized at successfully establishing in early habitats (Garcia et al. 2012). Succession
has been identified as a potential threat for populations in Ontario, where native species (e.g.
willows and poplars) have established causing conditions to no longer be suitable for A. robusta
(Scarlet Ammannia Recovery Team 2008; Environment Canada 2015). Changes within the
species’ habitat and the resulting ecological succession may affect many or all individuals of a
population (Ministry of Natural Resources and Forestry 2017). Some of these changes may be
from a result of too-high or too-low lake water levels. This can be from managing practices
including flood control (e.g. dykes and dams), and water supply systems (e.g. irrigation or
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municipal use) that cause abnormal fluctuations in Lake Erie and are considered major threats to
this species (Environment Canada 2015). If water levels are artificially maintained it can affect
the completion of one or more life history stages such as germination, growth, or flowering
(Environment Canada 2015). Additional shoreline destruction threats caused by human activities
include building docks, boat houses, maintaining beaches, agricultural activities, or simply daily
activities such as using all-terrain vehicles and hiking off trail (Environment Canada 2015).
Furthermore, heavy wakes caused by boat users, especially in repetition, can cause an excessive
disturbance to the shoreline damaging critical habitats (Environment Canada 2015).
Even landscape development activities necessary for associated watershed drainage
pathways can cause a habitat to be unsuitable for A. robusta as a result of indirect or cumulative
damage occurring within the landscape (Environment Canada 2015). These landscape
development activities can include forest harvesting or vegetation clearing that may change
hydrological patterns, sunlight, or wind exposure (Environment Canada 2015). They result in
direct habitat loss by either covering the seed bank, removing the natural substratum, and
changing the habitat to the extent that it is unable to support the germination and growth of A.
robusta (Environment Canada 2015). Additionally, the extirpation of one A. robusta population
in Lakeshore, Ontario has been directly attributed to a housing development (Douglas and
Oldham 1997). The population directly affected by the housing development is located in Lasalle
and is now a subdivision and is rendered permanently unsuitable for A. robusta (Douglas and
Oldham 1997).
Besides the fluctuating lake water levels and the destruction of natural shoreline, the
introduction of invasive species is also a threat A. robusta populations in Ontario are facing
(Scarlet Ammannia Recovery Team 2008; Environment Canada 2015). Invasive alien species
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have affected native biodiversity in almost every type of ecosystem on earth and are recognized
as one of the greatest threats to global biodiversity (Lapin et al. 2019). According to the World
Conservation Union, invasive alien species are the second most significant threat to biodiversity,
after habitat loss (Government of Canada 2017). This is because invasive alien species usually
have higher rates of production, fewer natural predators, and the ability to thrive in different
environments (Government of Canada 2017).
In Ontario, alien species such as Phragmites australis (Cav.) Trin. ex Steud. ssp.
australis (European reed) threaten to reduce A. robusta populations (Environment Canada 2015).
These invasive plant species cause direct reductions of available habitats by physical
displacement or indirect reductions by reducing access for light, water, and nutrients
(Environment Canada 2015). Jordan et al. (2008) suggested that P. australis disrupts neighboring
plants through allelopathic effects altering the soil’s chemical properties. Phragmites australis is
currently considered one of most aggressive invasive species worldwide having a negative
impact on native biodiversity (Marris 2005; Rudrappa et al. 2007). Phragmites australis is
capable of maintaining populations and spreading to new areas mainly by vegetative
reproduction and is capable of expanding clonally at a rate of 4 m per year (Clevering and van
der Toorn 2000; Mal and Narine 2003). Additionally, Lysimachia nummularia threatens to shade
out A. robusta populations at some sites (Environment Canada 2015) and in 2005 was listed as
one of the ninety-nine most serious invasive alien species of natural habitats in Canada (White et
al. 1993; Catling 2005; Catling and Mitrow 2005). Lysimachia nummularia’s ability to dominate
an area is attributed to its fast-vegetative spread, similar to that of P. australis (Gleason 1897;
Massachusetts Invasive Plant Advisory Group 2005; Hilty 2010). By determining which species
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represent the greatest threats, mitigation efforts can be made to control them (Environment
Canada 2015).
1.3 Objectives and hypotheses
Significant knowledge gaps in the biology and ecology of A. robusta were identified as
limiting factors affecting the success of recovery efforts (Scarlet Ammannia Recovery Team
2008). These knowledge gaps include: understanding the current status of extant populations and
if historically occupied locations are still capable of supporting the species; trends in populations
and habitat conditions (such as lake levels, alkalinity, and soil texture) over consecutive years;
germination requirements to determine what conditions are required for A. robusta establishment
in the field; seed bank viability and longevity; research on species biology, including
demography, genetics and pollination mechanisms; and research on impacts of invasive species
and their associated competition to determine if managing practices need to be put in place for
invading vegetation (Scarlet Ammannia Recovery Team 2008). More field work must be
conducted to determine the current geographical distribution and population demographics as
well as the effect of competition by invasive species such as P. australis (Scarlet Ammannia
Recovery Team 2008). Data on factors affecting germination and seedling emergence of A.
robusta are lacking and are needed for suitable reintroduction strategies (Scarlet Ammannia
Recovery Team 2008). Thus, the objectives of the research undertaken for this M.Sc. thesis were
to:
1) Determine the status of A. robusta in Southwestern Ontario and characterize sites where
previously known element occurrences were reported and newly discovered occurrences
identified. Given that the most recent reports of A. robusta in Essex County are between 5 to 19
years old, an updated and continuous status report is necessary to identify the persistence of these
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populations and to determine population trends. This was achieved by conducting vegetation
surveys and seed bank assays from both historical and newly identified suitable habitats for three
consecutive years. In addition, since information on habitats and conditions are limited, site
characteristics were determined to asses variability among sites and distinguish sites based on
environmental characteristics.
2) Determine the effects of competitor removal on A. robusta seedling germination and growth.
Preliminary seedbank studies in 2016, using soil from areas previously known to support
populations of A. robusta indicated that A. robusta seeds were present in the seedbank although
no plants were found. Given that A. robusta is an early successional species, we inferred that
competition may be limiting the establishment of A. robusta in the field. Furthermore, invasive
non-native plants have been identified as a threat to A. robusta by reducing available habitat and
competing for resources (Environment Canada 2015). To quantify the effects of competition
from neighbouring species, field and greenhouse experiments were conducted and the
establishment of A. robusta compared in areas with and without competitor removal.
Hypothesis: There will be an increase in the number of A. robusta plants observed as
well as an increase in above- and below-ground biomass with the removal of competition
from surrounding species. This is hypothesized because with the decrease of competition
from invasive species, A. robusta is presumed to be subject to decreased physical
displacement and an increase in nutrients, sunlight, and water, providing more suitable
growing conditions (Environment Canada 2015).
3) Determine how light intensity and/or duration affect A. robusta germination. This was
outlined as a knowledge gap and will aid in determining when A. robusta can be expected to
germinate in natural habitats. With that information, germination threats may be more easily

19

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
determined, and more specific site management can be applied. Germination trials were
conducted at varying light intensities (25, 50, 75, and 100% full light) and durations (12, 13.5,
and 15 hours) for either 1, 2, or 3 weeks in a growth chamber to determine the minimum and
optimal light intensity/duration required for germination.
Hypothesis: The percentage of A. robusta seeds germinating will increase with
increasing light intensity and duration. This hypothesis is based on the results from the
preliminary study conducted by Costea et al. (2017) where higher percentages of A.
robusta seed germinated when exposed to increased light intensity and increased light
duration.
4) Determine how temperature affects A. robusta germination. This was also outlined as a
knowledge gap and will aid in identifying what temperatures are required for A. robusta to
germinate in natural habitats. Germination trials were conducted at varying temperatures (10/5,
15/10, 20/15, 25/20, 30/25, 35/30 and 40/35°C (day/night temperatures)) in a growth chamber to
determine the minimum and maximum temperatures for germination and identify optimal
temperatures for germination.
Hypothesis: Ammannia robusta seeds will have a greater percentage of seeds
germinating at higher temperatures representing late summer temperatures between 30 to
45˚C but will be able to successfully germinate when exposed to lower temperatures.
This is hypothesised based on reports that seed germination of A. robusta takes place on
warm (30 to 45°C) muddy or alluvial substrates (Scarlet Ammannia Recovery Team
2008), however the observations of mature plants in Ontario as early as July suggest
otherwise (Stevens et al. 2016).
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These objectives directly fill in the knowledge gaps outlined in the recovery strategy,
beginning with updating the distribution of A. robusta populations (historically or newly
identified). Additionally, the information gained from germination studies and species
interactions can aid in understanding the feasibility of restoring populations at extirpated sites or
in nearby suitable habitats.
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1.4 Figures

Figure 1.1: Ammannia robusta plant growing from soil collected from Site 4 (Pelee Island,
Ontario) during the 2018 seed bank assay. Assays were conducted in the Biology Greenhouse at
the Centre for Cold Regions and Water Science, Wilfrid Laurier University. Note the palelavender flowers in the axil of the opposite, oblong, sessile clasping leaves (Douglas et al. 1999).
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Figure 1.2: Ammannia robusta fruits from plants grown from soil collected from Pelee Island,
Ontario) during the 2017 seed bank assay. Seeds were collected from seed bank assays
conducted in the Biology Greenhouse at the Centre for Cold Regions and Water Science, Wilfrid
Laurier University. (A) Ammannia robusta fruit containing ~250 to 400 seeds (Costea et al.
2017). (B) Cluster of A. robusta fruits containing numerous seeds (250 to 400) each.
(Environment Canada 2015; Costea et al. 2017). Note the small seeds (420 to 490 µm long, 300
to 378 µm wide, and 165 to 220µm thick) (Costea et al. 2017)
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Figure 1.3: State/Provincial NatureServe conservation statuses of A. robusta throughout its
distribution in the United States of America and Canada. Red colour coding in Ontario and
British Columbia indicates A. robusta has been categorized as Schedule 1: “Critically Imperiled”
under the Canadian Species at Risk Act (SARA). Ammannia robusta is ranked “Imperiled” in
Montana and Wisconsin and “Critically Imperiled” in Washington and Wyoming. It is ranked
“Vulnerable” in Arizona. “Imperiled” refers to a species at high risk of extinction or elimination
due to restricted range, few populations or occurrences, steep declines, severe threats, or other
factors. “Critically Imperiled” is a species at very high risk of extinction or elimination due to
very restricted range, very few populations or occurrences, very steep declines, very severe
threats, or other factors. “Vulnerable” is a species at moderate risk of extinction due to a fairly
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restricted range, relatively few populations or occurrences, recent and widespread declines,
threats or other factors. NatureServe. Last updated: July 2020.
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Figure 1.4: Bees (Hymenoptera) and moths (Lepidoptera) observed on A. robusta flowers at Site
1 in September 2017. Also observed on A. robusta plants were moth caterpillars (Noctuoidea)
and ladybugs (Coccinellidae) indicating a potential for cross-pollination (Stevens et al. 2017; Les
2017).
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Chapter 2: Research design and methodology
2.1 Objective 1: Determine the status of A. robusta in Southwestern Ontario and
characterize sites where previous element occurrences were reported and new occurrences
identified
2.1.1 Site descriptions
To determine the status of A. robusta in Southwestern Ontario, field vegetation surveys
were conducted between May and September of 2016*, 2017 and 2018 both in historical sites
and other areas from Leamington and Pelee Island, Ontario with suitable habitats for the growth
of A. robusta. The specific site descriptions and Global Positioning System (GPS) coordinates of
historical sites were provided by the Natural Heritage Information Center (NHIC), Nature
Conservancy of Canada (NCC) and Ontario Parks. Exploratory field research undertaken in
Essex County, Ontario during the last few years has revealed newly discovered occurrences of A.
robusta showing that the status of the populations in Southwestern Ontario is not well known,
therefore it is important to survey new sites. Potential locations of undocumented occurrences
were selected based on previous knowledge about A. robusta’s critical habitat including
mudflats, sand beaches, wetland edges, dried-up pond bottoms, drainage canals/ditches, and
moist sandy depressions as well as areas with similar plant community compositions which are
similar to those in areas with known A. robusta occurrences (McClintock 1993; Environment
Canada 2015). Selections were also based on comparisons of sites where previous element
occurrences were observed and access granted to these sites. These comparisons included
assessing species composition, water levels, and openness. Once target areas were identified, the
completion of vegetation surveys were then dependent on gaining permission to access land by

*

2016 data collected and experiments conducted were completed during my 2016/2017 Undergraduate Honours
Thesis at Wilfrid Laurier University and used for additional data support and population trends (Stevens et al. 2016;
Salive 2017).

27

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
landowners and site accessibility. Along with vegetation surveys was the collection of soils to
identify soil texture and nutrient analysis as well as site characteristics such as percent openness
and soil moisture.
The following sites were surveyed for vegetation and sampled for soil analysis:
Site 1, Leamington, Ontario (Historic Site; Ownership: Essex Region Conservation Authority)
Coordinates: 42° 1'45.00"N, 82°29'12.06"W
Site 1 is adjacent to Lake Erie containing an 850-acre marsh surrounded by dense
vegetation and sandy barrier beaches. The main part of the marsh consists of rock retention
features that cover the majority of the water’s edge or banks. Soil samples were taken along the
sandy shoreline in areas between Lake Erie and the marsh. Reports of previous observations of
A. robusta at this site in 1983, 1985, and 2001 were provided from Essex Region Conservation
Authority and indicated that A. robusta was found on the inside of the barrier beach (Alex
Meilutis, pers. comm, Aug 25, 2016). In 1983 and 1985 more than one plant was observed,
although exact numbers were not provided. In 2001 a single plant was observed (Michael J.
Oldham, pers. comm, Oct 20, 2015).
Site 2, Pelee Island, Ontario (Historic Site; Ownership: Nature Conservancy of Canada)
Coordinates: 41°45'1.09"N, 82°38'48.79"W
Site 2 is a drainage channel located on the Stone Road Alvar Property running parallel to
the northern boundary of the parcel. In spring and early summer this channel contains standing
water to such a depth that traversing on foot is not possible. However, during the latter part of the
summer this area dries up permitting walking through the channel. The soil samples were taken
from the sides of the canal in sparsely vegetated, dry areas. At the time of vegetation surveys
there was no standing water in the area. Reports of previous observations of A. robusta at this
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site in 2013 were provided from the Nature Conservancy of Canada (Jill Crosthwaite, e-mail
message, June 17, 2016).
Site 3, Pelee Island, Ontario (Historic Site; Ownership: Ontario Parks, Ministry of Natural
Resources and Forestry)
Coordinates: 41°49'11.32"N, 82°38'2.41"W
Site 3 is a provincial nature reserve covering the south end of the island that includes
Lake Henry Marsh. Due to wave activity on the Lake Erie side of Site 3, it is unlikely that A.
robusta could establish on this side. In fact, we have observed very few occurrences of any
species on this wave swept side. The Lake Henry Marsh side experiences less wave activity but
is heavily colonized by invasive P. australis on the south and eastern sides. Additionally, rock
retention features on the eastern side provide an unsuitable habitat for A. robusta seedlings. At
the time of soil sampling, standing water was present in the area. Reports of previous
observations of A. robusta at this site in 1999, 2001, and 2007 were provided from the Ministry
of Natural Resources and Forestry (M. Oldham and K Brodribb).
Site 4, Pelee Island, Ontario (Historic Site; Ownership: Nature Conservancy of Canada)
Coordinates: 41°48'31.08"N, 82°38'32.31"W
Site 4 is a small created wetland on the Florian Diamante Nature Reserve. The pond was
shallowly excavated and gently sloped in 2012 and mud from an area suspected to contain A.
robusta seeds was brought in to re-naturalize the area (Jill Crosthwaite, e-mail message, June 17,
2016). The pond is located in the northwest side of an agricultural field, just south of a large
canal and is very shallow and gently sloped. The soil samples were taken in the middle of the
extended “stick” portion of the pond’s lollipop shape and around the edges of the “candy”
portion and the soil surface was covered with dead P. australis and Typha latifolia L. stems and
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litter. At the time of soil sampling there was no standing water in the area. Reports of previous
observations of A. robusta at this site in 2013 and 2015 were provided from the Nature
Conservancy of Canada. In 2013, ~100 plants were found and in 2015, ~30 plants were found
(Jill Crosthwaite, e-mail message, June 17, 2016).
Site 5, Pelee Island, Ontario (Historic Site; Ownership: Nature Conservancy of Canada)
Coordinates: 41°48'13.04"N, 82°40'19.06"W
Site 5 is a constructed wetland originally scraped to test the wetland potential for the
existing meadow (Buck 2003). Three years later that A. robusta was found growing with other
wetland plants in the shallow scrape (Buck 2003). The area is now a shallow meadow marsh.
The soil samples were taken around the perimeter of the center pond and standing water was
present during the vegetation sampling. Reports of previous observations of ~125 A. robusta
plants at this site in 2003 were provided by Buck (2003).
Site 6, Pelee Island, Ontario (New Site; Ownership: Private)
Coordinates: 41°48'9.31"N, 82°40'25.07"W
Site 6 is an agricultural field that is used to grow soybeans (Glycine max (L.) Merr.).
Ammannia robusta was identified on this property during 2016 vegetation surveys. The soil
samples were taken from the western side of the field and at the time of sampling there was no
standing water present. Observations of A. robusta at this site have not been reported previously.
Site 7, Pelee Island, Ontario (New Site; Ownership: Nature Conservancy of Canada)
Coordinates: 41°47'52.23"N, 82°38'1.29"W
This wetland complex consists of a series of created wetlands dug in 2015/2016, which
were enhanced in the fall of 2018 (Jill Crosthwaite, e-mail message, March 12, 2019). The
enhancement included restoring acres of native meadow, tackling invasive phragmites and
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creating new trails and signage for visitors and residents (Jill Crosthwaite, e-mail message,
March 12, 2019). The soil samples were taken on the perimeter of each of the 3 ponds and
standing water was present at the time of sampling. Previous observations of A. robusta at these
3 sites have not been recorded.
Site 8, Pelee Island, Ontario (New Site; Ownership: Private)
Coordinates: 41°47'52.23"N, 82°38'1.29"W
This wetland complex consists of two artificial ponds in a densely vegetated area in the
middle of the west end of Pelee Island beside a now naturalized agricultural field. The areas
surrounding the ponds were very sparsely vegetated. Soil samples were taken from the perimeter
of each of the two ponds and standing water was present at the time of the sampling.
Observations of A. robusta at these sites have not been reported previously.
2.1.2 Vegetation surveys
In all sites, an area of at least 200 m2 (centered around a historic coordinate if provided)
was surveyed in order to determine if any A. robusta was present. At each site, four 1 m2
quadrats were more intensely sampled to characterize the existing vegetation and obtain soil
moisture and light intensity (Figure 2.1A). Within the quadrats established at each site, species
richness and abundance were recorded. Abundance was then calculated as an average for each
species per cm2 in all sites. Plant identification was completed using the Michigan Flora (2018).
For each new species identified, a picture was taken, and a single plant was collected, pressed,
dried and submitted as a voucher to Wilfrid Laurier University Herbarium, Waterloo, Ontario.
The coordinates of each surveyed quadrat were documented using an SX Blue II GPS.
Additionally, canopy images were taken using EOS Rebel T5i/700 D Canon fisheye lens.
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Canopy images capture the 180° hemispherical image within each quadrat which were
subsequently analyzed for canopy cover (openness (%)) using WinScanopy (Figure 2.1B).
The native status and wetland indicator status of each species surveyed was identified
using the United States Department of Agriculture PLANTS database using the wetland region
Northcentral and Northeast (United States Department of Agriculture 2019). The wetland
indicator status is a tool for characterizing the plant community, classifying species based on
their tendency to inhabit wetlands (United States Department of Agriculture 2019).
2.1.3 Seed bank assays
In parallel with vegetation surveys, seed bank assays were conducted to allow a greater
insight into the community structure. Soil cores were obtained manually from the sites in both
Leamington and Pelee Island using a 5 cm x 30 cm, Bi-partite root auger (Eijkelkamp Soil and
Water). The soil sampling was performed in the early spring of 2017 and 2018 and a total of 34,
and 40 soil cores were obtained respectively. The soil cores were taken back to Wilfrid Laurier
University and kept refrigerated in airtight Whirl-Paks (7.6 x 18.5 cm) (ULINE Canada). The
soil was weighed, and half of each core was hydrated with deionized water and homogenized by
hand to remove soil clumps and any non-soil debris. Each homogenized halved soil core was
transferred to a single plastic seedling tray (52 x 26 x 6 cm) with drainage holes (T.O Plastics)
and covered with 7” mini greenhouse domes with easy vents (54.6 x 27.9 x 19.1 cm) (MondiTM).
Each plastic seedling tray was filled with a mix (1:1) of Premier Pro-mix Mycorrhizae soil
mixture (Premier Tech Horticulture, Quakertown, PA) and nepheline syenite (Unimin Canada
Ltd.). The halved soil core was evenly distributed across the surface of the soil mixture (Figure
2.2). Moisture in the trays was maintained with daily watering’s of deionized water in the
morning of each day. Four trays were used as controls and only contained a mix (1:1) of Premier
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Pro-mix Mycorrhizae soil mixture and nepheline syenite, to ensure that no contamination
occurred for the duration of the study (Wall and Stevens 2015). Tray sites within the greenhouse
were completely randomized every 7 days. The trays were maintained under greenhouse
conditions (16/8-hour light/dark cycle with a minimum lighting of 100W/m2, ~ 17 to 21°C) for
~6 months, during which time the growth of the seedlings were assessed using a seedling
emergence assay (van der Valk and Rosburg 1997).
In addition to the soil cores taken for the seed bank assay at each site, soil cores were
obtained from each quadrat to measure soil moisture, soil texture, and pH. Soil moisture of each
core was taken using a W.E.T Sensor Kit HH2 moisture meter (Delta-T Devices). Soil texture of
each sample was determined manually using a Guide to Texture by Feel following the
methodology of Thien (1979) using two samples of 25 g. The pH of each soil core was taken
using a Fisher Accumet pH meter and method 9045D: Soil and Waste pH, part of Test Methods
for Evaluating Solid Waste, Physical/Chemical Methods by the United State Environmental
Protection Agency (U.S.A EPA 2004). Additional soil analyses were also conducted for Calcium
(Ca), Sodium (Na), Phosphorus (P), sodium bicarbonate extractable Magnesium (Mg), Potassium
(K), DTPA (diethylenetriaminepentaacetic acid) extractable Manganese (Mn), and ammonium
acetate extractable Zinc (Zn) on soil samples collected in 2017. These fertility analyses were
conducted at the University of Guelph’s Soil and Nutrient Laboratory. The physical and
chemical soil properties were determined to assess variability among sites and distinguish sites
based on environmental characteristics.
The emergence assay involved quantifying the total number of plants in each tray during
~6 months, a time period which reflects the growing season in Southwestern Ontario. For
identification, one week after emergence, seedlings were individually transplanted into SC10
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Ray Leach Conetainers (Stuewe & Sons, Inc.). This allowed them more room for growth while
also allowing for easier identification. Species were identified to their lowest possible taxon
using Michigan Flora and their wetland indicator status as well as their native status was
obtained from the USDA PLANTS database (United States Department of Agriculture 2019).
Seedling density was recorded throughout the study to determine the total number of germinated
seeds from each site. Seedling density was calculated as the total number of germinated seeds per
cm2 of the half-core sampled.
2.1.4 Statistical analyses
To provide additional insight into our first hypothesis regarding previous element
occurrences and new occurrences, the soil chemistry and site characteristics (soil moisture, soil
texture, pH, openness (%), and soil Calcium (mg/L), Sodium (mg/L), Phosphorus (mg/L),
Magnesium (mg/L), Potassium (mg/L), Manganese (mg/L), Zinc content (mg/L)) were used to
run a principal component analyses (PCA) in JMP (Statistical Analysis Software version 14.0.0)
to identify patterns of soil nutrients and site characteristics at different sampling sites during the
2017 vegetation surveys. In 2018, the parameters assessed were soil moisture, soil texture, pH,
and openness (%). Additional PCA’s were conducted to identify patterns of plant composition at
different sampling sites during 2017 and 2018 vegetation surveys. The number of principal
components were chosen based on visual interpretation of the scree plot and with an arbitrary cut
off value of 10% of the variance explained. Multiple logistic regressions were conducted using
the glm() function in the stats package for R (R Development Core Team 2020) to identify any
significance between the presence of A. robusta and soil nutrients or site characteristics based
only on the parameters that were collected.
2.2 Objective 2: Determine the effects of competitor removal on A. robusta seedling
germination and growth
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2.2.1 Field assay
To assess the effects of competitor removal on A. robusta seedling growth, a field trial
was conducted from May to August in 2018 at Site 4, a property maintained by the Nature
Conservancy of Canada. This site was chosen based on the presence of A. robusta in both the
2017 and 2018 vegetation surveys (Stevens et al. 2017; Stevens et al. 2018). Eighteen 30 x 60 cm
quadrats were set up along the “stick” of the pond. Six were set up on the north side of the pond,
six on the south, and six at the center to cover a wider range of the habitat (Figure 2.3). Each
quadrat was sub-divided into two 30 x 30 cm sub-quadrats using a 25 cm bungee cord (Home
Essentials). The aboveground shoots of all plants were removed from the first sub-quadrat while
all vegetation was left intact in the second sub-quadrat (Figure 2.4). The quadrats were
monitored bi-weekly throughout May to September, and any new plants emerging in the
competitor removal sub-quadrat were cut at the soil surface. At the end of the study, A. robusta
heights were to be measured from both sides of the quadrats, as well as the size of the
inflorescence and number of seed capsules.
2.2.2 Greenhouse soil core assay
To further assess the effects of competitor removal on A. robusta’s seedling growth, a
greenhouse soil core assay was conducted using field collected soil samples from Site 4. The soil
sampling was conducted in the early spring to account for the most recent contribution of seed.
During the spring of 2018, two soil cores were taken at the corner of each of the 30 x 60 cm
quadrats previously described in section 2.2.1 using a Bi-partite root auger (Eijkelkamp Soil and
Water). Enclosed within each core was a removable 7.5 x 7.5 cm clear Polyvinyl Chloride Sleeve
to contain intact, undisturbed soil cores. After the intact soil cores were collected, they were
sealed with vinyl end caps (Uline) and brought back to the Centre for Cold Regions and Water
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Science at Wilfrid Laurier University, to be placed in cold storage until the greenhouse portion of
the study commenced. The soil core sleeves were each wrapped in black Polyethylene Film
(Uline, Toronto) to prevent light from penetrating the sides of the soil cores while in the
greenhouse. The intact soil cores were then set on 8.9 cm steel blue blotter germination sheets
(Anchor Paper) and placed in 9.4 cm polystyrene dome lids (Polar Pak) to assist in keeping the
samples intact, to avoid contamination between samples, and to assist in controlling water levels.
Ten cores each were subsequently placed in plastic seedling trays (52 x 26 x 6 cm) (T.O Plastics)
and covered with 7” mini greenhouse domes (54.6 x 27.9 x 19.1 cm) (MondiTM). Deionized
water was added to each core basin every other day to ensure that every sample had available
water levels as needed and were maintained under the same greenhouse conditions as previously
described (Section 2.1.3) (Figure 2.5).
For the first 8 weeks of the study, any seedlings that emerged that were not A. robusta
were removed in half of the cores to allow the growth of A. robusta in the absence of
competition from other species. The remaining cores were left to assess how A. robusta growth
compared with competition from other species when present. After 8 weeks, the number of
plants growing in each core was determined and all A. robusta plants were meant to be
harvested. After the 8 weeks when all plants were removed, a second trial was set up using the
same soil cores in which the soil was slightly disturbed using a small rake at the top ~2 cm of the
soil core. This was done to aid in the germination of A. robusta by aiming to bring more seeds to
the top of the soil. For the duration of the study, any seedlings that emerged that did not represent
A. robusta were removed in the same half of the soil cores. After 8 weeks, the number of plants
growing in each core was determined and all A. robusta plants were meant to be harvested.
Ammannia robusta plants were meant to be removed from the soil cores and rinsed to remove
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any debris. Roots were meant to be carefully separated from shoots with a single-edged carbon
steel razor blade (FisherbrandTM) and both shoot and root fresh weight were meant to be
recorded using a Mettler Toledo NewClassic MS analytic balance. After fresh weights were
obtained, samples were meant to be preserved in 50% ethanol in 50 mL Falcon tubes. Total root
length and root and shoot surface area was meant to be determined using image analysis
WinRHIZO Pro V.2007c (Regent Instruments Inc. Quebec City, Quebec).
2.3 Objective 3: Determine how light intensity and/or duration affect A. robusta
germination
2.3.1 Experimental design
Following similar methodology of Costea (2017), the effect of light intensity and
duration on seed germination of A. robusta was determined. Seeds collected from mature A.
robusta plants grown during the previous seed bank assay conducted in 2017 and kept in cold
storage were used. Ammannia robusta seeds were sieved using a 0.025 cm sieve to remove any
plant debris. The seeds were exposed to four different light intensities stimulated with neutral
density gel sheets (Rosco E-Colour 298 (25%), 209 (50%), and 210 (75%), and clear film
(100%)). In addition, seeds were exposed to one of three different light durations (12, 13.5, and
15 hours). Germination was assessed weekly for a three-week period. Light durations were
chosen based on the latitude where A. robusta is present in Southwestern Ontario (ca. 40° N). A
maximum light duration of 15 hours of daylight was used since light duration is longest on June
21st, at latitude 40° N, with a total duration of 14 hours 52 minutes (Peterson et al. 2012). A
minimum light duration of 12 hours of daylight was used since light duration is 12 hours at the
beginning and end of the possible growing season (March 20th and September 22nd) (Peterson et
al. 2012). Using a LI-250A Light Meter, light intensity was measured in the field to ensure
comparisons could be made between the field assay and the growth chamber study. The
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experiment was performed using a three-factor design (3 levels of light duration, 4 levels of light
availability and 3 levels of time with 5 replicates per treatment combination).
Germination trials were conducted in 100 mm x 15 mm sterile polystyrene Petri dishes
(Fisher Scientific) and placed within a BioChambers TPC-19 Standard growth chamber with a
15/9- hour light/dark cycle and a minimum light intensity of ~720 µmol m-2 s-1 set to 27°C
daytime and 17°C nighttime temperatures. These temperatures represent average summer
temperatures for Pelee Island (Norwegian Meteorological Institute 2017). To maintain various
light durations, petri dishes were covered with blackout lids. Blackout lids were created by spray
painting the lids of the petri dishes first with a black coat then with a white coat. Spray painting
the lids black ensured that there was no light penetration while the white topcoat prevented light
absorption leading to temperature increases.
Seeds were placed on 8.9 cm steel blue blotter germination sheets (Anchor Paper). Threequarter inch neoprene Buna-N O-rings (Fisher Scientific) were used to isolate each area of
different light intensities within the petri-dish. A three-quarter inch diameter neutral density gel
filter was placed on top of O-rings to establish light intensity treatments. Within each O-ring 20
A. robusta seeds were placed and were randomly assigned a neutral density gel sheet (Rosco EColour) to be placed on top of the O-ring (Figure 2.6). The petri-dishes were then sealed with
Parafilm MTM wrapping film (Fisher Scientific) and placed in randomly assigned positions
within the growth chamber. Locations within the growth chamber were re-randomized daily.
Additionally, within each growth chamber HOBO UA-002-64 Pendent Temperature/Light Data
Loggers in addition to using temperature and light meters on the growth chamber were used to
detect any system malfunctions.
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Seeds were considered to have germinated when the radicle protruded through the seed
coat and were observed under a Ziess SteREO Discovery V8 dissecting scope (Carl Zeiss Inc.,
Germany). During assessments, seeds within each section of the petri dish that was analyzed
were discarded since any amount of light exposure during the short duration of sampling may
have influenced seed germination. Each week three sections within all fifteen petri-dishes were
assessed and the number of seeds germinated for each treatment combination were recorded
weekly for a three-week period.
2.3.2 Statistical analyses
The data collected was converted into percent germination and analyzed using a threeway analysis of variance (ANOVA) for each trial in JMP (Statistical Analysis Software Version
14.0.0). Analyses were performed to assess main effects of time, light intensity, and duration and
their interactions with seed germination. To meet assumptions of normality and homogeneity of
variance, percent germination was square-root transformed. If significant main or interaction
effects were found, multiple comparisons were conducted using the LS means function in JMP
with a non-corrected student’s T test to identify significantly different treatment combinations.
No adjustments were made to avoid rejecting the null hypothesis, as planned comparisons were
chosen rather than every possible comparison. This will lead to fewer errors of interpretation
when the data under evaluation are actual observations and lessen the chance of missing possibly
important findings (Rothman 1990).
2.4 Objective 4: Determine how temperature affects A. robusta germination
2.4.1 Experimental design
Following similar methodology of Shen et al. (2010), the effects of temperature on seed
germination were determined. Ammannia robusta seeds collected from previous seed bank
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studies performed in 2017 were sieved using a 0.0098-inch sieve to remove any plant debris.
Seeds were placed on 8.9 cm steel blue blotter germination sheets (Anchor Paper Co.) in 100 mm
x 15 mm sterile polystyrene Petri dishes (Fisher Scientific) (Figure 2.7). The petri dishes were
then sealed with Parafilm MTM wrapping film (Thermo Fisher Scientific). Germination
temperature trials were conducted within a BioChambers TPC-19 Standard growth chamber
under a 15/9-hour light/dark cycle. Due to limited access to growth chambers, treatments were
imposed in a single growth chamber, the experiment was run, then repeated at a new
temperature. The sequence of temperature trials was randomly determined. Day/night
temperature included 10/5, 15/10, 20/15, 25/20, 30/25, 35/30 and 40/35°C. These temperatures
were chosen not only to determine the minimum and maximum temperatures required for
germination, but also to find the optimal temperature for the species. There were fifteen replicate
petri dishes for each level of temperature each with 20 seeds per treatment. Petri dishes were
assigned a random position within the growth chamber and locations were re-randomized daily.
All temperature treatments were conducted for a total of fifteen days.
Seeds were considered to have germinated when the radicle protruded through the seed
coat and were observed under a Ziess SteREO Discovery V8 dissecting scope (Carl Zeiss Inc.,
Germany). Seeds were assessed based on their completely random assigned trial length and the
presence of mucilage and trichomes was also recorded. During the assessments, each preti dish
that was analyzed was discarded since any change in light exposure or temperature during the
short duration of sampling may have influenced seed germination. Three petri dishes were
assessed every three days and the number of seeds germinated for each treatment was recorded
after either three, six, nine, twelve, or fifteen days.
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2.4.2 Statistical analyses
The data collected was converted into percent germination and analyzed using a two-way
analysis of variance (ANOVA) in JMP (Statistical Analysis Software Version 14.0.0). Analyses
were performed to determine the main effects of time, temperature and their interactions. To
meet assumptions of normality and homogeneity of variance percent germination was squareroot transformed. If significant main or interaction effects were found, multiple comparisons
were conducted using the LS means function in JMP with a non-corrected student’s T test to
identify significantly different treatment combinations.
2.4.3 Pseudoreplication
Due to the limited growth chambers available for this experiment, replicate petri dishes
for each temperature level were placed in the same chamber. Consequently, replicate petri dishes
would be considered pseudoreplicates (see Hurlbert 1984). Steps, however, were taken to
minimize the potential downfalls of pseudoreplication. Some of the downfalls for this
experiment include nondemonic intrusion which is defined as the impingement of chance events
on an experiment in progress. 1) The order of the seven different temperature treatment
experiments were completely randomized as well as the petri-dishes within the growth chamber
of each treatment experiment, 2) To detect any system malfunctions in the growth chamber
experimental conditions that may have otherwise gone unnoticed, light and temperature were
measured using HOBO UA-002-64 Pendent Temperature/Light Data Loggers in addition to
using temperature and light meters on the growth chamber (Figure A4.1; Figure A4.2).
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2.5 Figures

A

B
Figure 2.1: Vegetation survey setup conducted between May to September of 2017 and 2018 to
assess species composition. Vegetation surveys were conducted in Leamington and on Pelee
Island, Ontario. 1 m2 quadrats were placed in various locations at study sites to assess species
composition and to obtain soil cores used for A. robusta seed bank assays. (A) Overhead images
taken with an Olympus Tough, Olympus lens with 5.0 Optical Zoom (B) 180° hemispherical
images were also obtained from the centre of each quadrat using EOS Rebel T5i/700 D Canon
fisheye lens to assess light availability at each site.

42

Kayla Salive
Assessing threats and mitigation for Ammannia robusta

Figure 2.2: Seedling trays set up for seed bank assay containing soil collected form Leamington
and Pelee Island, Ontario during the 2017 seed bank assay. Assays were conducted in the
Biology Greenhouse at the Centre for Cold Regions and Water Science, Wilfrid Laurier
University for a period of ~6 months, a time period which reflects the growing season in
Southwestern Ontario. The total number of plants in each tray was quantified using an
emergence assay (van der Valk and Rosburg 1997). Images taken using an Olympus Tough,
Olympus lens with 5.0 Optical Zoom.
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Figure 2.3: Satellite image of the experimental layout of competitor removal field assays. The
competition field assay was conducted at Site 4, Pelee Island, Ontario during the field season of
2018. Eighteen 30 x 60 cm quadrats were set up parallel to one another along the extended
“stick” portion of the pond’s lollipop shape. Highlighted by the white dotted lines, six quadrats
were set up along the northern edge of the pond, six quadrats were set up along the centre of the
pond, and six quadrats were set up along the southern edge of the pond. Each quadrat was
subdivided into two 30 x 30 cm sub-quadrats to assess the growth of A. robusta where
competitors were present or removed. Google Earth 2020.
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Figure 2.4: Photographs of quadrats where effects of competitor removal on A. robusta’s growth
was assessed. The competition field assay was conducted at Site 4, Pelee Island, Ontario during
the field season of 2018. Eighteen 30 x 60 cm quadrats were placed in various locations along
the “stick” portion of the pond and divided into 30 x 30 cm sub-quadrats using bungee cords.
Within each quadrat, one sub-quadrat was left untouched (A) and one sub-quadrat had all
vegetation removed (B). This was done to assess the growth where competitors were present or
removed. Images taken using an Olympus Tough, Olympus lens with 5.0 Optical Zoom.
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Figure 2.5: Greenhouse soil core assay setup to assess effects of competitor removal on A.
robusta’s germination and growth. Greenhouse soil core assays were conducted in the Biology
Greenhouse at the Centre for Cold Regions and Water Science, Wilfrid Laurier University. Any
seedlings that emerged that were not A. robusta were removed in half of the cores and the
remaining cores were left to assess how A. robusta growth compared with competition from
other species when present. Images taken using an Olympus Tough, Olympus lens with 5.0
Optical Zoom.
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Figure 2.6: Experimental set up of petri dishes used for light germination trials. Germination
trials were conducted within a BioChambers TPC-19 Standard growth chamber at Wilfrid
Laurier University, Waterloo, Ontario. (A) Within each 100 mm x 15 mm petri dish used as an
individual light duration replicate, three replicates of each different light intensity were set up
using O-rings and neutral density gel films representing either 25, 50, 75 or 100% light intensity.
(B) Within each O-ring, under the different neutral density gel films, twenty A. robusta seeds
were placed to assess seed germination. Germination was indicated by radicle emergence or the
presence of cotyledons. Images taken under a Zeiss SteREO Discovery V8 dissecting
microscope (Carl Zeiss Inc., Germany) using Zeiss Zen Axiocam imaging software (blue
edition).
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Figure 2.7: Experimental set up of petri dishes used for temperature germination trials.
Germination trials were conducted within a BioChambers TPC-19 Standard growth chamber at
Wilfrid Laurier University, Waterloo, Ontario. Within each 100 mm x 15 mm petri dish used as
an individual temperature replicate, twenty A. robusta seeds were placed to assess seed
germination. Day/night temperature that were examined included 10/5, 15/10, 20/15, 25/20,
30/25, 35/30 and 40/35°C. Germination was indicated by radicle emergence or the presence of
cotyledons. Image taken using an Olympus Tough, Olympus lens with 5.0 Optical Zoom.
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Chapter 3: Results
3.1 Objective 1: Determine the status of A. robusta in Southwestern Ontario and
characterize sites where previous element occurrences were reported and new occurrences
identified
Ammannia robusta was observed between 2016 and 2018 in the vegetation cover or seed
bank at four of the five locations where it was previously recorded and two of three newly
identified suitable habitats. For the vegetation surveys conducted between May to September of
2017 and the succeeding seed bank assay, a complete list of all plant species identified is shown
in Table 3.1 and Table 3.2, including their scientific name, common name, native status code,
and wetland indicator status. For the vegetation surveys conducted between May to September of
2018 and the succeeding seed bank assay, a complete list of all plant species identified is shown
in Table 3.3 and 3.4, including their scientific name, common name, native status code, and
wetland indicator status. The density of plants observed in each site during vegetation surveys
for both 2017 and 2018 is an average over quadrats sampled in the given year and is per cm2
(Table 3.1; Table 3.3). The density of plants observed in each site during 2017 and 2018 seed
bank assays is an average over all halved soil cores sampled in the provided year and is also per
cm2 (Table 3.2; Table 3.4). Throughout the entirety of the study years, A. robusta was undetected
in its historic Site 3 (last observed in 2007) in both the vegetation survey and the seed bank
assay.
3.1.1 Assessment of standing vegetation and seed bank assays
Site 1, Leamington, Ontario (Historic Site; Ownership: Essex Region Conservation Authority)
Coordinates: 42° 1'45.00"N, 82°29'12.06"W
Site 1 is a conservation area that had previous observations of A. robusta in 2001. During
vegetation surveys in 2016, as well as seed bank assays, A. robusta was not observed. However,
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in 2017, a small-protected area was noticed when scanning the barrier beach from our research
boat. This area was observed to be the side of a breach and it appeared that sediment deposit on
the marsh side of the breach created a small point where organic material had built up. In this
area, an extremely large localized population of very robust A. robusta plants were observed
(0.12/cm2) (Table 3.1). Additionally, in the 2017 seed bank assay, A. robusta plants were
observed in average densities of 0.15/cm2 (Table 3.2). Unfortunately, when returning to the site
during 2018 vegetation surveys the area had appeared to have been breached again by a summer
storm and the area where A. robusta had been observed was now covered by ~1 m of sand and
no A. robusta plants were observable. Because of this sand deposit, no soil cores were obtained,
and no soil was analyzed during the 2018 seed bank assay. The soil at the site consisted of sand
and mollusc shells. The soil nutrient and site characteristic averages for 2017 were as follows:
pH: 8.23; Ca: 2,933 (mg/L); Na: 15.9 (mg/L); K: 38.8 (mg/L); Soil Moisture: 28.6%; Openness:
47.4% (Table A1).
Site 2, Pelee Island, Ontario (Historic Site; Ownership: Nature Conservancy of Canada)
Coordinates: 41°45'1.09"N, 82°38'48.79"W
Site 2 is a drainage channel located on the Stone Road Alvar Property and had last been
reported to support populations of A. robusta in 2013. During 2016, 2017 and 2018 vegetation
surveys A. robusta was absent in the standing vegetation, however during seed bank assays it
was present in all years. In 2016 preliminary seed bank studies, an average of 0.22/cm2 A.
robusta seedlings were present. In 2017, there was an average of 1.14/cm2 A. robusta plants
emerging (Table 3.2) and in 2018 there was an average of 0.1/cm2 (Table 3.4). The soil at the site
was classified as sandy clay. The soil nutrient and site characteristic averages for 2017 were: pH:
7.72; Ca: 4,360 (mg/L); Na: 17.8 (mg/L); K: 148 (mg/L); Soil Moisture: 13.93%; Openness:
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28.4% (Table A1). The site and soil characteristics averages for 2018 were: pH: 7.68; Soil
Moisture: 28.14%; Openness: 22.5% (Table A2).
Site 3, Pelee Island, Ontario (Historic Site; Ownership: Essex Region Conservation Authority)
Coordinates: 41°49'11.32"N, 82°38'2.41"W
Site 3 covers the north end of Pelee Island and had last been reported to support A.
robusta in 2007. Areas where previous observations were recorded were unable to be surveyed
due to the encroachment of P. australis or high-water levels. Therefore, suitable areas
surrounding the reported coordinates were chosen. This included a small strip of beach on the
west shore of Lake Henry Marsh that was not colonized extensively by other vegetation and was
deemed habitable. Ammannia robusta was not observed during the vegetation surveys or during
the seed bank assays throughout the 3 years of study. The majority of the soil at the site was
classified as loamy sand or sand. The soil nutrient and site characteristic averages for 2017 were:
pH: 8.225; Ca: 2,852 (mg/L); Na: 18.75 (mg/L); K: 24.25 (mg/L); Soil Moisture: 27.5%;
Openness: 39.08% (Table A1). The site and soil characteristics averages for 2018 were: pH:
8.35; Soil Moisture: 21.25; Openness: 46.71% (Table A2).
Site 4, Pelee Island, Ontario (Historic Site)
Coordinates: 41°48'31.08"N, 82°38'32.31"W
Site 4 is an artificial wetland created in 2012 that had its first observation of A. robusta in
2015. In 2016, no A. robusta was observed in the vegetation survey or in the seed bank assay,
however a small population was observed the following year. In the 2017 field surveys, A.
robusta was observed in low densities, with an average of 0.01/cm2 (Table 3.1). The soil cores
were taken in areas of the pond that were very densely vegetated and at the time of soil sampling
there was no standing water in the area. In contrast, A. robusta was observed in the seed bank in
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2017 in very high densities of 3.3/cm2 (Table 3.2). In the 2018 vegetation surveys, A. robusta
was again observed in small densities of 0.01/cm2 (Table 3.3). In the 2018 seed bank assay, less
A. robusta emerged than in 2017 with about 0.39 plants per cm2 (Table 3.4). The soil at the site
was classified as silty clay. The soil nutrient and site characteristic averages for 2017 were: pH:
7.6; Ca: 5,074 (mg/L); Na: 28 (mg/L); K: 160 (mg/L); Soil Moisture: 33.61%; Openness:
26.74% (Table A1). The site and soil characteristics averages for 2018 were: pH: 7.6; Soil
Moisture: 13.18; Openness: 31.53% (Table A2).
Site 5, Pelee Island, Ontario (Historic Site)
Coordinates: 41°48'13.04"N, 82°40'19.06"W
Site 5 is a shallow meadow marsh that had previous observations of A. robusta in 2003.
However, during the 2016, 2017, and 2018 vegetation surveys, no A. robusta plants were
observed. In 2017 and 2018, A. robusta was observed in the seed bank in small densities of
0.1/cm2 and 0.04/cm2, respectively (Table 3.2; Table 3.4). The soil at the site was classified as
clay. The soil nutrient and site characteristic averages for 2017 were: pH: 7.9; Ca: 5,002 (mg/L);
Na: 25.2 (mg/L); K: 111.2 (mg/L); Soil Moisture: 39.6%; Openness: 35.96% (Table A1). The
site and soil characteristics averages for 2018 were: pH: 8.03; Soil Moisture: 8.12%; Openness:
36.35% (Table A2).
Site 6, Pelee Island, Ontario (New Site; Ownership: Private)
Coordinates: 41°48'9.31"N, 82°40'25.07"W
Site 6 is an actively cultivated agricultural field that is densely planted with soybeans (G.
max). In 2016, A. robusta was observed growing within the soybeans and was recorded as the
largest known population in Ontario and possibly Canada, covering ~2000 m2 with stem
densities exceeding 11 stems per cm2. The largest densities were recorded near the western edge
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of the field in a depression connected to the Site 5 (where the species was historically reported in
2003). After contacting the property owner and investigating the population, we were informed
that the flooding of the depression was due to a tile drain failure. Additionally, in 2016 the soil
cores collected supported large populations of A. robusta plants emerging in the seed bank. In
2017 field surveys, A. robusta was observed in much smaller densities, likely due to crop
treatments at this location, with an average of just 0.05/cm2 (Table 3.1) as well as 0.16 plants per
cm2 during the seed bank assay (Table 3.2). In 2018, A. robusta was not observed in the field
during vegetation surveys but was again present in the seed bank in small densities (0.04/cm2)
(Table 3.4). The soil at the site was classified as sandy clay. The soil nutrient and site
characteristic averages for 2017 were: pH: 7.08; Ca: 3,976 (mg/L); Na: 19.6 (mg/L); K: 172
(mg/L); Soil Moisture: 10.99%; Openness: 64.61% (Table A1). The site and soil characteristics
averages for 2018 were: pH: 7.22; Soil Moisture: 7.97; Openness: 30.67% (Table A2).
Site 7, Pelee Island, Ontario (New Site; Ownership: Nature Conservation of Canada)
Coordinates: 41°47'52.23"N, 82°38'1.29"W
The Nature Conservancy of Canada Ponds are a wetland complex of three artificial ponds
which were found to be a suitable habitat based on similar vegetation and site characteristics.
This site was first visited in 2018 and during these vegetations surveys A. robusta was observed
in low densities of 0.01/cm2 on the periphery of one pond (Table 3.3). However, during the seed
bank assay, no A. robusta seedlings emerged from either of the ponds. The soil at the site was
classified as sandy clay. The site and soil characteristics averages for 2018 were: pH: 7.89; Soil
Moisture: 25.04; Openness: 79.28% (Table A2).
Site 8, Pelee Island, Ontario (New Site; Ownership: Private)
Coordinates: 41°47'52.23"N, 82°38'1.29"W
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This wetland complex was first visited in 2018 as it was discovered to be suitable habitat
to support A. robusta. During the 2018 vegetation surveys and seed bank assay, A. robusta was
not observed in either of the ponds. The soil at the site was classified as silty clay. The site and
soil characteristics averages for 2018 were: pH: 8.11; Soil Moisture: 7.5; Openness: 1310.5%
(Table A2).
3.1.2 Plant composition and soil nutrient composition
For both 2017 and 2018 a principal component analysis was conducted to explore the
trends between the plant composition and the sampling sites. For 2017, 35.8% of the total
variance was explained (Figure 3.1). The PCA had communities segregated into 3 clear
groupings, since A. robusta was present in the standing vegetation or in the seed bank of all
groups, there is no preference among these plant communities. PC1 vs. PC2 shows plant
communities segregated into 3 groups, in which species in Site 6 differed from those in Site 1
and those in Site 2, Site 3, Site 4, and Site 5. PC1 vs. PC3 shows separation again, between Site 1
and Site 6 with increased separation from Site 5. PC2 vs. PC3 shows more isolation of Site 5
from the other sites. An additional PCA was performed to identify the trend between sampling
sites and soil and site characteristics. It explained 80% of the total variance (Figure 3.2). PC1 vs.
PC2 explained a gradient in soil nutrient characteristics: increasing soil moisture and decreasing
Zinc (Zn). Additionally, it showed a pH and salinity gradient. Both Site 1 and Site 3 (heavily
influenced by the lake) in the lower left quadrat indicate high soil pH, and the remaining sites
(majority being artificial wetlands) indicate high salinity. Additionally, Site 6 was shown to have
a very high Phosphorous content in its soil. PC1 vs. PC3 explained a gradient in soil
characteristics: increasing Phosphorous (P), Sodium (Na), Magnesium (Mg), Calcium (Ca) and
Potassium (K), and decreasing soil pH. The groupings for these axes were similar, showing the
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separation between lake influenced sites and artificial sites while also showing the high levels of
Manganese in Site 2. PC2 vs. PC3 explained a gradient in the remaining soil nutrient
characteristics: increasing Openness and decreasing Manganese (Mn). This PCA suggests that
there is a range of conditions in which A. robusta is able to establish.
In 2018, 24.1% of the total variance was explained. In this PCA species were also
clumped into 3 groups, PC1 vs. PC2 showed Site 3 and Site 4 separate from the other sites
clumped together. Similar to the 2017 vegetation surveys, A. robusta was found to be coexisting
with species found in all groups (Figure 3.3). Hence, the results do not support the view that
there is a preference among these plant communities, at least not one that is expressed by the
presence of A. robusta in some communities but not others. An additional PCA was performed to
identify the trend between sampling sites and soil and site characteristics (Figure 3.4). The axes
explained 89.2% of the total variance. PC1 vs. PC2 explained a gradient in soil nutrient
characteristics: increasing light intensity and decreasing soil moisture. Four groupings can also
be seen, and they are as follows: Site 2 and Site 6; Site 4 and Site 5; Site 8; Site 7. PC1 vs. PC3
shows a gradient in soil nutrient characteristics: increasing soil moisture and decreasing soil pH.
The same groupings were noticed for this but instead more separation of Site 2 from Site 6. PC2
vs. PC3 explained a gradient in soil nutrient characteristics: increasing soil moisture and
decreasing openness. Again, the lake influenced site, Site 3 separates into the upper left quadrat,
indicating high soil moisture. This PCA also suggests that there is a range of conditions in which
A. robusta is able to establish.
Additionally, for both 2017 and 2018 vegetation surveys multiple logistic regression
analyses using site characteristics and soil nutrients were conducted. This was to identify the
relationship between soil nutrients and site characteristics with the presence or absence of A.
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robusta in the vegetation cover. The results showed that for 2017, A. robusta presence had a
significant positive correlation with openness (p < 0.05) (Figure 3.5; Table 3.5) and Phosphorous
(p < 0.05 ) (Figure 3.6; Table 3.6) and a significantly negative correlation with pH (p < 0.05)
(Figure 3.7; Table 3.7). For 2018 no significant correlations were noted for any site or soil
characteristics.
3.2 Objective 2: Determine the effects of competitor removal on A. robusta seedling
germination and growth
During both the field assay and the greenhouse soil core assay A. robusta was not
observed to be growing either on its own or with the surrounding competition. Therefore, the
hypothesis that the establishment of A. robusta will increase with the removal of other vegetation
in response to decreasing competition from surrounding species was not conclusively supported
or falsified.
3.2.1 Field assay
During the field assay conducted for a period of ~two months at Site 4 on Pelee Island,
Ontario in 2018, nine species were identified across all quadrats. Plant characterization was
conducted in all quadrats where competitive species were not managed and are listed in table
3.11. Ammannia robusta was not observed in any of the eighteen quadrats set up. Therefore, A.
robusta heights as well as the size of the inflorescence and number of seed capsules could not be
compared from sites where competition was removed to sites where it was not.
3.2.2 Greenhouse soil core assay
During the greenhouse soil core study conducted for a period of ~3 months using soil
cores obtained from the 2018 vegetation surveys, 6 species were observed across all 3 sites. Plant
characterization was conducted in all soil cores where competitor species were not managed and
are listed in table 3.9. Ammannia robusta was not observed in any of the soil cores from any of
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the areas. Therefore, root/shoot biomass could not be compared between sites where competition
was removed to sites where it was not.
3.3 Objective 3: Determine how light intensity and/or duration affect A. robusta
germination
3.3.1 Germination response
Ammannia robusta seed germination was significantly affected by the interaction of light
intensity and number of weeks (p < 0.0001) and light duration (p < 0.0001) (Table 3.10). As light
intensity increased from 25 to 100% full light, as well as from week 1 to 3, there was a
significant increase in the percentage of seeds germinated. Similarly, as light duration increased
(day light hours) from 12.5 through to 15 hours, there was a significant increase in the
percentage of seeds germinating. Over the three-week period, the greatest germination was
noticed after week two, and there was a significant change in germination between week one,
two and three. Regardless of the light intensity, trials that had 15 hours of daylight had
significantly higher germination percentage than those that were exposed to 12 and 13.5 hours of
daylight. Similarly, trials that were exposed to the highest light intensity (100% full light) had a
significantly higher percent germination than those exposed to a lower light intensity (25 to 75%
full light).
After conducting multiple comparisons, figure 3.8 shows the significant interaction
between week and light intensity on percent germination including letters that illustrate
significant differences between treatment germination responses. The bars with the same letters
are not significantly different (p > 0.05). For week 1 trials, all light intensities were significantly
different from another with increasing germination linked to increasing light intensity. Week 2
trial treatments were all significantly different, except for treatments exposed to 50 and 75% full
light. Similarly, for week 3 trials, all treatments were significantly different (p < 0.05) from the

57

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
other besides those exposed to 75 and 100% full light. Figure 3.9 shows the significant effect
light duration had on percent germination and the bars with the same letters are not significantly
different (p > 0.05). Therefore, all light durations (12, 13.5, 15 hours) were significantly different
(p < 0.05).
3.4 Objective 4: Determine how temperature affects A. robusta germination
3.4.1 Germination response
To clarify the uncertainty around temperature requirements for A. robusta’s germination,
7 alternating day/night temperatures were identified to have an effect on germination. Seed
germination was significantly affected by the interaction between temperature and sampling day
(p < 0.0001) (Table 3.11). Germination of A. robusta was observed at twelve, nine, six, three,
three, and three days after seeding for the alternating temperatures of 15/10, 20/15, 25/20, 30/25,
and 35/30°C day/night temperatures, respectively. The maximum percent germination was
98.33% achieved at 20/15°C day/night temperature 12 days after seeding followed by 96.67%
germination achieved 15 days after seeding at both 30/25 and 25/20°C. The minimum
temperature for germination is estimated to be between 10/5 and 15/10°C day/night temperature
cycle and the maximum temperature for germination is estimated to be between 40/35 and
35/30°C. This was estimated based on the findings that A. robusta was not able to germinate
when temperatures were at 10/5°C but there was germination observed on day 9 of sampling at
15/10°C. Similarly, A. robusta was not able to germinate at 40/35°C, but there was low
germination (<20%) by sampling day 3 when the seed was exposed to alternating temperatures
of 35/30°C.
Figure 3.10 shows the significant interaction between temperature and sampling day on
percent germination. After conducting multiple comparisons, figure 3.10 also shows the

58

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
significant differences between treatment germination responses. Bars with the same letters are
not significantly different (p > 0.05). At both 10/5 and 40/35°C, A. robusta was unable to
germinate, therefore, all treatment germination responses during those temperature trials were
not significantly different (p > 0.05). Similarly, at day/night temperatures of 20/15, 25/20,
30/25°C after day 6, A. robusta’s germination was not significantly different for most treatments
(p > 0.05).
At all temperatures, ungerminated and germinated seeds of A. robusta produced mucilage
and gelatinous trichomes (Figure 3.11). Both the presence of mucilage and gelatinous trichomes
were significantly affected by the interaction between temperature and sampling day (p <
0.0001) (Table 3.12; Table 3.13). The presence of mucilage was less prevalent in A. robusta
when seeds were exposed to lower temperatures (15/10 and 10/5°C) and there was an increase in
mucilage production when the seeds were exposed for a longer period of time (Figure 3.12).
Similarly, the presence of gelatinous trichomes decreased as temperature decreased.
Additionally, there was an increase when the seeds were exposed to the temperature for a longer
period of time (Figure 3.13), a trend especially noticed in the lower temperature trials (20/15,
15/10 and 10/5°C).
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3.5 Tables
Table 3.1: Inventory of all plant species identified at each site surveyed during the vegetation
surveys completed between May to September 2017. Sites where vegetation surveys were
completed include, Site 1, Site 2, Site 3 , Site 4, Site 5, and Site 6. Taxonomy follows Michigan
Flora. Wetland Indicator Status (WIS) is a measure of the how likely a species is to be found in a
wetland area and are as follows: Obligate wetland species (OBL), occur in wetlands ≥99%,
facultative wetland species (FACW), occur in wetlands 67–99%, facultative upland species
(FACU), occur in non-wetlands 67–99%. Native Status Code (NSC): Native (N), Introduced (I),
or Waif (W) (United States Department of Agriculture 2019). Presence is indicated by the
average species count (SC) of each species identified within each site ± standard error (SE) and
is per cm2. Presence of A. robusta is highlighted in red.
Family

Lythraceae
Poaceae
Poaceae
Poaceae
Scrophulariace
ae
Malvaceae
Cyperaceae
Amaranthaceae

Scientific
Name

Common
Name

NSC

Ammannia
robusta Heer
& Regel
Echinochloa
crus-galli (L.)
Beauv.
Poa annua L.

Scarlet
Ammannia

N

OBL

Barn yard
grass

W

FAC

Annual
bluegrass
Green
bristlegrass
Thymeleaf
speedwell

I

FACU

I

N/A

N

FAC

I

FACU

N

OBL

I

N/A

Setaria viridis
(L.) Beauv.
Veronica
serpyllifolia
L.
Sida spinosa
L.
Cyperus
erythrorhizos
Muhl.
Amaranthus
hybridus L.

Prickly
fanpetals
Redroot flat
sedge
Slim
amaranth

WIS
4
SC
±SE
(cm2)
0.01
±0.01
0.14
±0.09

3
SC
±SE
(cm2)

Site
6
5
SC
SC
±SE
±SE
(cm2) (cm2)
0.05
±0

2
SC
±SE
(cm2)

1
SC
±SE
(cm2)
0.12
±0.07

0.45
±0.07
0.1
±0.02
0.05
±0
0.05
±0
0.06
±1
0.026
±0.01

0.11
±0.06

0.036
±0.02
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Asteraceae
Asteraceae
Vitaceae
Poaceae
Alismataceae
Asteraceae
Onagraceae
Asteraceae
Cyperaceae
Cyperaceae

Salicaceae
Poaceae

Typhaceae
Scrophulariace
ae
Lamiaceae

Salicaceae

Asteraceae
Cornaceae

Erigeron
annuus (L.)
Pers.
Ambrosia
trifida L.
Vitis riparia
Michx.
Phalaris
arundinacea
L.
Sagittaria
latifolia
Willd.
Xanthium
strumarium
L.
Ludwigia
repens J.R.
Forst.
Bidens
frondosa L.
Carex sp.

Eastern daisy
fleabane

N

FACU

Great
ragweed
Riverbank
Grape
Reed canary
grass

N

FAC

N

FAC

N

FACW

0.25
±0.09

Broadleaf
arrowhead

N

OBL

0.07
±0.03

Rough
cocklebur

N/A

FAC

0.14
±0.09

Marsh
seedbox

N/A

OBL

0.20
±0.13

Devils
beggartick
Sedge

I

FACW

N

N/A

0.20
±0.01

Eleocharis
ovata (Roth)
Roemer &
J.A. Schultes
Salix exigua
Nutt.
Phragmites
australis
(Cav.) Trin.
ex Steud.
Typha
latifolia L.
Mimulus
ringens L.

Spike rush

N

N/A

0.01
±0.01
0.01
±0.01
0.29
±0.17

Narrow leaf
willow
European
reed

N

FACW

I

FACW

0.03
±0.02
0.01
±0.01

0.10
±0.06
0.05
±0.03

Broad leaf
cattail
Allegheny
monkey
flower
American
water
horehound

N

OBL

N

OBL

N

OBL

Eastern
cottonwood

N

FAC

0.01
±0.01

Ragweed

N

FACU

0.02
±0.01

Rough leaf
dogwood

N

FAC

0.01
±0.01

Lycopus
americanus
Muhl. ex W.
Bart.
Populus
deltoides
Bartr. ex
Marsh.
Ambrosia
artemisiifolia
L.
Cornus
drummondii
C.A. Mey.

0.01
±0.01
0.01
±0.01

0.05±
0.02

0.01
±0.01

0.01
±0.01
0.01
±0.01

0.02
±0.01
0.01
±0.01

0.05
±0
0.81
±0.11
0.09
±0.02

0.05
±0
0.01
±0.01

0.49
±0.14
0.01
±0.01

0.08
±0.03
0.05
±0

0.02
±0.01
0.01
±0.01

0.08
±0.03

0.03
±0.01
0.013
±0.01

0.07
±0.03
0.03
±0.01
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Asclepiadaceae
Oleaceae
Anacardiaceae
Vitaceae
Asteraceae
Rosaceae
Anacardiaceae
Salicaceae
Asteraceae
Amaranthaceae
Cornaceae
Balsaminaceae
Salicaceae
Scrophulariace
ae
Lemnaceae
Brassicaceae
Polygonaceae
Polygonaceae

Asclepias
incarnata L.
Fraxinus sp.

Swamp
Milkweed
Ash

N

OBL

N/I

N/A

Toxicodendro
n sp.
Parthenocissu
s quinquefolia
(L.) Planch.
Solidago sp.

Poison Oak

N/I

N/A

Virginia
creeper

N

FACU

0.02
±0.01

0.02
±0.01

Goldenrod

N

N/A

Geum
urbanum L.
Rhus typhina
L.
Salix nigra
Marsh.
Eclipta
prostrata (L.)
L.
Amaranthus
retroflexus L.
Cornus sp.

Herb bennet

I

N/A

Staghorn
sumac
Black willow

N

N/A

N

OBL

False daisy

N

FACW

0.01
±0.01
0.02
±0.01
0.01
±0.01
0.02
±0.03
0.05
±0.03

0.02
±0.02
0.01
±0.01

Redroot
amaranth
Dogwood

I

FACU

N

N/A

Impatiens
capensis
Meerb.
Salix alba L.

Jewelweed

N

FACW

White willow

I

FACW

Lindernia
dubia (L.)
Pennell
Lemna minor
L.
Rorippa
sylvestris (L.)
Bess.
Rumex
aquaticus L.
Polygonum
lapathifolium
L.

Yellowseed
false
pimpernel
Common
duckweed
Creeping
yellowcress

N

OBL

N

OBL

I

OBL

N/A

N/A

I

FACW

Western dock
Curlytop
knotweed

0.012
±0.09
0.01
±0.01
0.01
±0.01

0.01
±0.01
0.01
±0.01
0.01
±0.01
0.05
±0
0.40
±0.10
0.16
±0.16
0.01
±0.01
0.01
±0.01
0.02
±0.01
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Table 3.2: Inventory of all plant species identified emerging from soils collected at each site
during vegetation surveys for the seed bank assay conducted in 2017. Sites where soil cores were
collected include, Site 1, Site 2, Site 3, Site 4, Site 5, and Site 6. Taxonomy follows Michigan
Flora. Wetland Indicator Status (WIS) is a measure of the how likely a species is to be found in a
wetland area and designations are as follows: Obligate wetland species (OBL), occur in wetlands
≥99%, facultative wetland species (FACW), occur in wetlands 67–99%, facultative upland
species (FACU), occur in non-wetlands 67–99%. Native Status Code (NSC): Native (N),
Introduced (I), or Waif (W) (United States Department of Agriculture 2019). Presence is
indicated by the average species count (SC) of all species observed emerging from the soils
obtained from each site ± standard error (SE) and is per cm2 of soil. Presence of A. robusta is
highlighted in red.
Family

Lythraceae

Juncaceae
Asteraceae
Asteraceae
Scrophulariaceae

Onagraceae

Scientific
Name

Common
Name

NSC

WIS

Site

Ammannia
robusta
Heer &
Regel
Juncus
dudleyi
Wieg.
Ambrosia
artemisiifo
lia L.
Erigeron
annuus
(L.) Pers.
Leucospor
a multifida
(Michx.)
Nutt.
Epilobium
ciliatum
Raf.

Scarlet
Ammannia

N

OBL

Dudley’s
rush

N

FACW

Annual
ragweed

N

FACU

Eastern
daisy
fleabane
Narrowleaf
paleseed

N

FACU

N

FACW

0.02
±0.01

Fringed
willowherb

N

FACW

0.03
±0.02

4
SC±
SE
(cm2)
3.3
±0.79

3
SC
±SE
(cm2)

6
SC
±SE
(cm2)
0.16
±0.1

1
SC
±SE
(cm2)
0.15
±0.05

0.45
±0.27

2
SC
±SE
(cm2)
1.14
±0.42

5
SC
±SE
(cm2)
0.1
±0.05

0.5
±0.15

0.75
±0.5
0.01
±0.01

0.01
±0.01

0.08
±0.06
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Crassulaceae

Ditch
stonecrop

N

OBL

Green
bristlegrass

I

N/A

0.04
±0.04

Riverbank
Grape

N

FAC

0.01
±0.01

Downy
willowherb

N

OBL

0.06±
0.04

Lambsquart
ers

N/I

FACU

1.19±
1.19

Redroot
flatsedge

N

OBL

0.25±
0.08

Creeping
primrosewillow
Canada
lettuce

N/A

N/A

0.36±
0.19

N

FACU

0.01±
0.01

Reed
canarygrass

N

FACW

0.03±
0.02

Creeping
yellowcress

I

OBL

0.18±
0.09

Annual
bluegrass
Little
hogweed

I

FACU

N/I

FACU

0.2±0
.2
0.01±
0.01

Goldenrod

N

N/A

Slim
amaranth

I

N/A

0.11
±0.08

Prickly
fanpetals
Aster

I

FACU

Asteraceae

Penthoru
m
sedoides
L.
Setaria
viridis (L.)
Beauv.
Vitis
riparia
Michx.
Epilobium
strictum
Muhl. ex
Spreng.
Chenopod
ium album
L.
Cyperus
erythrorhi
zos Muhl.
Ludwigia
repens
J.R. Forst.
Lactuca
canadensi
s L.
Phalaris
arundinac
ea L.
Rorippa
sylvestris
(L.) Bess.
Poa annua
L.
Portulaca
oleracea
L.
Solidago
sp.
Amaranth
us
hybridus
L.
Sida
spinosa L.
Aster sp.

N

N/A

0.02
±0.02
0.01
±0.01

Juncaceae

Juncus sp.

rush

N/I

N/A

Onagraceae

Oenothera
biennis L.

Common
evening
primrose

N

FACU

Poaceae
Vitaceae
Onagraceae

Chenopodiaceae
Cyperaceae
Onagraceae
Asteraceae
Poaceae
Brassicaceae
Poaceae
Portulacaceae
Asteraceae
Amaranthaceae

Malvaceae

6.23
±0.13

0.02
±0.02

0.01
±0.01

0.01
±0.01

0.01
±0.01

0.41
±0.28

0.01
±0.01
0.01
±0.01

0.04
±0.02
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Table 3.3: Inventory of all plant species identified at each site surveyed during the vegetation
surveys completed between May to September 2018. Sites where vegetation surveys were
completed include, Site 2, Site 3, Site 4, Site 5, Site 6, Site 7, and Site 8. Taxonomy follows
Michigan Flora. Wetland Indicator Status (WIS) is a measure of the how likely a species is to be
found in a wetland area and designations are as follows. Obligate wetland species (OBL), occur
in wetlands ≥99%, facultative wetland species (FACW), occur in wetlands 67–99%, facultative
upland species (FACU), occur in non-wetlands 67–99%. Native Status Code (NSC): Native (N),
Introduced (I), or Waif (W) (United States Department of Agriculture 2019). Presence is
indicated by the average species count (SC) of each species identified within each site ± standard
error (SE) and is per cm2. Presence of A. robusta is highlighted in red.
Family

Lythraceae
Poaceae
Poaceae

Scientific
Name

Common
Name

Ammannia Scarlet
robusta Heer Ammannia
& Regel
Echinochloa Barn yard
crus-galli grass
(L.) Beauv.
Poa annua Annual
L.
bluegrass

Poaceae

NSC

WIS

N

OBL

W

FAC

I

FACU

4
SC
±SE
(cm2)
0.01
±0.01

3
SC
±SE
(cm2)

Site
6
5
2
8
SC
SC
SC
SC
±SE ±SE ±SE
±SE
(cm2) (cm2) (cm2) (cm2)

0.03
±0.01
0.25
±0.14

0.013
±0.01

Setaria
viridis (L.)
Beauv.
Scrophulariaceae Veronica
serpyllifolia
L.
Malvaceae
Sida spinosa
L.

Green
bristlegrass

I

N/A

0.02
±0.01

Thymeleaf
speedwell

N/I

FAC

0.01
±0.01

Prickly
fanpetals

I

FACU

0.04
±0.02

Cyperaceae

Redroot
flat sedge

N

OBL

0.03
±0.03

Great
ragweed

N

FAC

0.01
±0.01

N

FAC

Asteraceae
Vitaceae

Cyperus
erythrorhizo
s Muhl.
Ambrosia
trifida L.

Vitis riparia Riverbank
Michx.
Grape

0.263
±0.14

7
SC
±SE
(cm2)
0.01
±0.01
0.15
±0.12
0.13
±0.13

0.03
±0.01
0.04
±0.02

0.02
±0.01

0.01
±0.01
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Poaceae

Phalaris
arundinacea
L.
Sagittaria
latifolia
Willd.
Xanthium
strumarium
L.
Ludwigia
palustris
(L.) Ell.
Bidens
frondosa L.

Reed
canary

N

FACW 0.6±0.1
91

Broadleaf
arrowhead

N

OBL

Rough
cocklebur

N

FAC

0.21
±0.12

OBL OBL

0.06
±0.05

Devils
beggartick

I

FACW

Cyperaceae

Carex sp.

Sedge

N

N/A

Cyperaceae

Eleocharis Spike rush
ovata (Roth)
Roemer &
J.A. Schultes
Salix exigua Narrow
Nutt.
leaf willow

N

N/A

N

FACW

Phragmites
australis
(Cav.) Trin.
ex Steud.
Typha
latifolia L.

European
reed

I

FACW

0.01
±0.01

Broad leaf
cattail

N

OBL

0.01
±0.01

Allegheny
monkey
flower

N

OBL

Populus
Eastern
deltoides
cottonwoo
Bartr. ex
d
Marsh.
Ambrosia Ragweed
artemisiifoli
a L.
Parthenociss Virginia
us
creeper
quinquefolia
(L.) Planch.
Solidago sp. Goldenrod

N

FAC

0.10
±0.07

N

FACU

0.02
±0.01

N

FACU

0.10
±0.07

N

N/A

Rosaceae

Geum
Herb
urbanum L. bennet

I

N/A

0.04
±0.02
0.1
±0.06

Asteraceae

Eclipta
prostrata
(L.) L.

N

FACW

Alismataceae
Asteraceae
Onagraceae
Asteraceae

Salicaceae
Poaceae

Typhaceae

Scrophulariaceae Mimulus
ringens L.
Salicaceae

Asteraceae
Vitaceae

Asteraceae

Marsh
seedbox

False daisy

0.03
±0.01

0.01
±0.01

0.11 0.10
±0.03 ±0.06

0.06
±0.01

0.05
±0.05

0.01
±0.01

0.03
±0.03

0.01
±0.01
0.25
±0.14

0.03
±0.03

0.03
±0.03
0.03
±0.01
0.03
±0.03

0.26
±0.14
0.16
±0.02
6.3
±1.3
0.01
±0.01
0.02
±0.01

0.10
±0.10
0.015
±0.012

0.04
±0.02

0.01
±0.01
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Salicaceae
Fabaceae
Fabaceae
Alismataceae

Populus
tremuloides
Michx.
Glycine max
(L.) Merr.
Trifolium
dubium
Sibthorp
Alisma sp.

Quaking
aspen

N

FAC

Soybean

W

N/A

Suckling
clover

I

FACU

Water
plantain

N

N/A

0.1
±0.07
0.21
±0.11
0.01
±0.01
0.46
±0.92
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Table 3.4: Inventory of all plant species identified emerging from soils collected at each site
during vegetation surveys for the seed bank assay conducted in 2018. Sites where vegetation
surveys were completed include, Site 2, Site 3, Site 4, Site 5, Site 6, Site 7, and Site 8.
Taxonomy follows Michigan Flora. Wetland Indicator Status (WIS) is a measure of the how
likely a species is to be found in a wetland area and designations are as follows: Obligate
wetland species (OBL), occur in wetlands ≥99%, facultative wetland species (FACW), occur in
wetlands 67–99%, facultative upland species (FACU), occur in non-wetlands 67–99%. Native
Status Code (NSC): Native (N), Introduced (I), or Waif (W) (United States Department of
Agriculture 2019). Presence is indicated by the average species count (SC) of all species
observed emerging from the soils obtained from each site ± standard error (SE) and is per cm2 of
soil. Presence of A. robusta is highlighted in red.
Family

Scientific
Name

Common
Name

Lythraceae

Ammannia Scarlet
robusta Heer Ammannia
& Regel
Poaceae
Phalaris
Reed Canary
arundinacea grass
L.
Asteraceae
Erigeron
Eastern
annuus (L.) Daisy
Pers.
Fleabane
Scrophulariaceae Lindernia Yellowseed
dubia (L.) false
Pennell
pimpernel
Crassulaceae
Penthorum Ditch
sedoides L. stonecrop
Onagraceae
Lamiaceae

Ludwigia
repens J.R.
Forst.
Lycopus
europaeus
L.

Creeping
primrosewillow
Gypsywort

NSC WIS
4
SC
±SE
(cm2)
0.39
±0.22

3
SC
±SE
(cm2)

6
SC
±SE
(cm2)
0.04
±0.02

N

OBL

N

FACW

0.09
±0.04

0.08
±0.4

0.01
±0.01

N

FACU

0.3
±0.17

0.07
±0.04

0.06
±0.06

N

OBL

0.04
±0.01

N

OBL

0.72
±0.13

N/A OBL

0.48
±0.4

N

OBL

Site
5
2
SC
SC
±SE
±SE
(cm2) (cm2)
0.04
0.1
±0.02 ±0.06

8
SC
±SE
(cm2)

7
SC
±SE
(cm2)

0.08
±0.04
0.07
±0.06

0.14
±0.06

0.04
±0.01

0.3
±0.3

3.1
±1.86
0.04
±0.04

0.16
±0.16

0.03
±0.01

2.7
±2.5

0.53
±0.05

0.18
±0.18
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Lemnaceae

Lemna
minor L.

Asteraceae

Asteraceae Aster
sp.
Cyperus
Redroot flat
erythrorhizo sedge
s Muhl.
Polygonum Curlytop
lapathifoliu knotweed
m L.
Chamaesyce Eyebane
nutans
(Lag.) Small
Rorippa
Creeping
sylvestris
yellowcress
(L.) Bess.
Eleocharis Spike rush
ovata (Roth)
Roemer &
J.A. Schultes
Oxalis sp. Woodsorrel

Cyperaceae
Polygonaceae
Euphorbiaceae
Brassicaceae
Cyperaceae

Oxalidaceae
Juncaceae

Common
duckweed

N

OBL

N/A N/A

0.04
±0.04
0.16
±0.16
0.24
±0.1

0.09±0.
09

0.01±0.
01

N

OBL

0.02±0.
01

0.03±0.
01

I

FACW

025
±0.25

N

N/A

0.01
±0.01

I

OBL

0.05
±0.05

N

N/A

0.02
±0.01

N/I N/A

0.01
±0.01

0.1
±0.07

0.26
±0.04

0.04
±0.04

0.15
±0.15

Juncus
dudleyi
Wieg.
Ambrosia
artemisiifoli
a L.
Morus alba
L.

Dudley’s
rush

N

FACW

0.37
±0.29

Ragweed

N

FACU

0.01
±0.01

White
mulberry

I

FACU

Asteraceae

Ambrosia
trifida L.

Great
ragweed

N

FAC

0.01
±0.01

N/A

Bryophyta
sp.

Moss

N/A N/A

0.03
±0.01

Poaceae

Poa annua
L.

Annual
bluegrass

I

FACU

Thymeleaf
speedwell

N

FAC

0.8
±0.5

Green
bristlegrass

I

N/A

0.01
±0.01

Asteraceae
Moraceae

Scrophulariaceae Veronica
serpyllifolia
L.
Poaceae
Setaria
viridis (L.)
Beauv.
Portulaceae
Portulaca
oleracea L.

Little
hogweed

Scrophulariaceae Leucospora Narrowleaf
multifida
paleseed
(Michx.)
Nutt.

N/I FACU
N

0.04
±0.04

0.01
±0.01

0.01
±0.01

0.02
±0.02
0.01
±0.01

0.04
±0.03

FACW
0.06
±0.03
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Chenopodiaceae Atriplex
patula L.

Spear
saltbush

I

FACW

Chenopodiaceae Chenopodiu Lambsquarte N/I FACU
m album L. rs
Poaceae
Alismataceae

Echinochloa Barnyard
crus-galii grass
(L.) Beauv.
Alisma sp. Water
plantain

W FAC
N

N/A

0.01
±0.01
0.01
±0.01
0.02
±0.02

0.03
±0.01
0.01
±0.01
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Table 3.5: Output of binary logistic regression conducted to assess the relationship between
percent openness and presence of A. robusta in field vegetation surveys. Significant positive
correlation was noted (p < 0.05)
Model
Difference
Full
Reduced
RSquare (U)
AIC
BIC

-LogLikelihood DF
9.105166
12.297877
21.403043

ChiSquare
Prob>ChiSq
1
18.21033
0.0001*

0.4254
28.9829
31.6485

Table 3.6: Output of binary logistic regression conducted to assess the relationship between
phosphorous and presence of A. robusta in field vegetation surveys. Significant positive
correlation was noted (p < 0.05).
Model
Difference
Full
Reduced
RSquare (U)
AIC
BIC

-LogLikelihood DF
5.426850
15.976193
21.403043

ChiSquare
Prob>ChiSq
1
10.8537
0.0010*

0.2536
36.3395
39.0051

Table 3.7: Output of binary logistic regression conducted to assess the relationship between pH
and presence of A. robusta in field vegetation surveys. Significant negative correlation was noted
(p < 0.05).
Model
Difference
Full
Reduced
RSquare (U)
AIC
BIC

-LogLikelihood DF
2.662239
18.740804
21.403043

1

ChiSquare
Prob>ChiSq
5.324477
0.0210*

0.1244
41.8687
44.5343
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Table 3.8: Inventory of all plant species identified in 18 quadrats located at Site 4 during the
2018 field assay to assess competitor removal. Taxonomy follows Michigan Flora. Wetland
Indicator Status (WIS) is a measure of the how likely a species is to be found in a wetland area
and designations are as follows: Obligate wetland species (OBL), occur in wetlands ≥99%,
facultative wetland species (FACW), occur in wetlands 67–99%, facultative upland species
(FACU), occur in non-wetlands 67–99%. Native Status Code (NSC): Native (N), Introduced (I),
or Waif (W) (United States Department of Agriculture 2019). Species presence at the site during
the time of surveys is designated with an x.
Scientific
Name
Phalaris
arundinacea
L.
Ambrosia
trifida L.
Cyperus
erythrorhizos
Muhl.
Ludwigia
repens J.R.
Forst.
Xanthium
strumarium
L.
Poa annua
L.
Bidens
frondosa L.
Phragmites
australis
(Cav.) Trin.
ex Steud.
Typha
latifolia L.

Common
Name

WIS

NSC

Species Presence in Quadrats 1 to 18

Reed
canarygrass

FACW

N

1
x

2
x

3
x

4
x

5
x

Great
ragweed
Redroot
flatsedge

FAC

N

x

x

OBL

N

x

x

x

x

x

x

x

Creeping
primrosewillow
Rough
cocklebur

OBL

N/A

x

x

x

x

x

x

x

x

FAC

N

x

x

x

x

x

x

x

Annual
bluegrass
Devils
beggartick
European
reed

FACU

I

x

x

x

x

x

x

x

x

x

x

x

FACW

I

x

x

x

x

x

x

x

x

x

FACW

I

x

x

x

Broadleaf
cattail

OBL

N

x

x

x

x

x

6
x

7
x

x

8
x

9
x

10
x

11
x

x

x

x

x

x

x

12
x

13
x

14

15
x

16
x

x

x

x

x

x

x

x

x

x

x

x

x

x
x

x

x

x

x

x

x

x

x

17
x

18

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x
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Table 3.9: Inventory of all plant species identified from the greenhouse soil core assay to assess
competitor removal. Ten soil cores were obtained from three different sites where vegetation
surveys were conducted in 2018. Taxonomy follows Michigan Flora. Wetland Indicator Status
(WIS) is a measure of the how likely a species is to be found in a wetland are and designations
are as follows: Obligate wetland species (OBL), occur in wetlands ≥99%, facultative wetland
species (FACW), occur in wetlands 67–99%, facultative upland species (FACU), occur in nonwetlands 67–99%. Native Status Code (NSC): Native (N), Introduced (I), or Waif (W) (United
States Department of Agriculture 2019).
Soil Core
Number

Scientific Name

1
2 to 10

Cyperus erythrorhizos Muhl.
No sp. present

1 to 4
5
6 to 10

No sp. present
Erigeron annuus (L.) Pers.
No sp. present

Common Name

WIS

NSC

Species
Count

OBL

N

4

Eastern Daisy Fleabane

FACU

N

3

Site 4
Reed canarygrass
Reed canarygrass
Redroot flatsedge
Ditch stonecrop
Redroot flatsedge
Reed canarygrass
Redroot flatsedge
Ditch stonecrop
Reed canarygrass

FACW
FACW
OBL
OBL
OBL
FACW
OBL
OBL
FACW

N
N
N
N
N
N
N
N
N

6
7
3
5
5
4
6
6
4

Creeping primrose-willow
Creeping yellowcress
Ditch stonecrop
Creeping primrose-willow
Ditch stonecrop
Ditch stonecrop
Reed canarygrass
Creeping primrose-willow
Ditch stonecrop
Reed canarygrass
Creeping primrose-willow

OBL
FACU
OBL
OBL
OBL
OBL
FACW
OBL
OBL
FACW
OBL

Unreported
I
N
Unreported
N
N
N
Unreported
N
N
Unreported

2
1
7
2
4
3
6
1
5
3
1

Site 5
Redroot flatsedge
Site 2

1
2
3
4
5
6
7
8
9
10

Phalaris arundinacea L.
Phalaris arundinacea L.
Cyperus erythrorhizos Muhl.
Penthorum sedoides L.
Cyperus erythrorhizos Muhl.
Phalaris arundinacea L.
Cyperus erythrorhizos Muhl.
Penthorum sedoides L.
Phalaris arundinacea L.
No sp. present
Ludwigia repens J.R. Forst.
Rorippa sylvestris (L.) Bess.
Penthorum sedoides L.
Ludwigia repens J.R. Forst.
Penthorum sedoides L.
Penthorum sedoides L.
Phalaris arundinacea L.
Ludwigia repens J.R. Forst.
Penthorum sedoides L.
Phalaris arundinacea L.
Ludwigia repens J.R. Forst.
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Table 3.10: Output of three-way ANOVA used to assess the effects that week, light duration, and
light intensity had on the germination of A. robusta. Week included three sampling weeks, light
intensity included four light intensities ranging from 25 to 100% full light, and light duration
included the three different light durations of 12, 13.5, and 15 hours of daylight. Three hundred
seeds were assessed per light intensity/duration treatment and germination was assessed by the
emergence of a radicle or presence of cotyledons. Significant effects were observed for light
duration, and the interaction between week and light intensity (p < 0.0001).

Effect Tests
Source
Week
Light Intensity
Week * Light Intensity
Light Duration
Week * Light Duration
Light Intensity * Light Duration
Week * Light Intensity * Light
Duration

F Ratio
Prob > F
Nparm DF Sum of
Squares
2
2 19181.111
180.7644
<.0001*
3
3 12870.000
80.8586
<.0001*
6
6
1906.667
5.9895
<.0001*
2
2 17288.611
162.9293
<.0001*
4
4
130.556
0.6125
0.6524
6
6
432.500
1.3586
0.2353
12 12
748.333
1.1754
0.3061
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Table 3.11: Output of two-way ANOVA used to assess the effects of temperature and sampling
day on A. robusta germination. Temperature include seven various day/night alternate
temperatures ranging between 10/5 to 40/35˚C, and sampling days were every three days for a
total of fifteen days. Three hundred seeds were assessed for every temperature treatment
assessing germination by the emergence of a radicle or presence of cotyledons. Significant
effects were observed for the interaction between temperature and sampling day (p < 0.0001).

Effect Test
Source
Temperature
Sampling Day
Temperature*Sampling Day

Nparm
6
4
24

DF
6
4
24

Sum of
Squares
161501.43
12222.86
17893.81

F Ratio
715.5127
81.2278
19.8191

Prob > F
<.0001*
<.0001*
<.0001*
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Table 3.12: Output of two-way ANOVA used to assess the effects of temperature and sampling
day on A. robusta mucilage production. Temperature include seven various day/night alternate
temperatures ranging between 10/5 to 40/35˚C, and sampling days were every three days for a
total of fifteen days. Three hundred seeds were assessed for every temperature treatment
assessing mucilage production. Significant effects were observed for the interaction between
temperature and sampling day (p < 0.0001).

Effect Test
Source
Temperature
Sampling Day
Temperature*Sampling Day

Nparm
6
4
24

DF
6
4
24

Sum of
Squares
55486.667
20062.857
13903.810

F Ratio
143.8543
78.0222
9.0117

Prob > F
<.0001*
<.0001*
<.0001*
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Table 3.13: Output of two-way ANOVA used to assess the effects of temperature and sampling
day on A. robusta trichome presence. Temperature include seven various day/night alternate
temperatures ranging between 10/5 to 40/35˚C, and sampling days were every three days for a
total of fifteen days. Three hundred seeds were assessed for every temperature treatment
assessing the presence of gelatinous trichomes. Significant effects were observed for the
interaction between temperature and sampling day (p < 0.0001).

Effect Test
Source
Temperature
Sampling Day
Temperature*Sampling Day

Nparm
6
4
24

DF
6
4
24

Sum of
Squares
107646.19
18410.48
17039.52

F Ratio
438.0950
112.3895
17.3367

Prob > F
<.0001*
<.0001*
<.0001*
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3.6 Figures
8

Site
Site
GW5
Site
HM1
Site
LH 3
Site
LP 4
Site
MF 6
Site
PC 2

A
6

A. robusta

4

Component 2 (11.8 %)

S. viridis

L. minor

E. crus galli
E. annuus A. trifida

2

0

L. dubia
L. palustris
L. repens

M. ringens P. lapathifolia
E. prostrata
Carex sp.

P. arundinacea
P. quinquefolia

P. tremuloids
Panicum sp. Asteracea sp.

-2

L. americanus B. frondosa
-4

-6

-8
8

B

C

6

Component 3 (10.5 %)

4

L. americanus
V. riparia
L. minor C. erythrorhizos
A. artemisiifolia
A. incarnata S. alba

2

0

A. robusta
A. trifida
E. crus galli

-2

I. capensis

E. ovata V. riparia
Panicum sp.

C. erythrorhizos
M. ringens
L. dubia
P. arundinacea
A. robusta
G. urbanum

A. artemisiifolia
X. strumarium
P. quinquefolia
I. capensis

R. sylvestris

Solidago sp.
Malva sp.

Cornus sp.
S. nigra

S. nigra S. exigua

P. australis

E. prostrata
A. retroflexus Carex sp.

-4

P. tremuloids

E. crus galli

Malva sp.
S. exigua
Lycopus sp.

-6

-8
-8

-6

-4

-2
0
2
Component 1 (13.5 %)

4

6

8-8

-6

-4

-2
0
2
Component 2 (11.8 %)

4

6

8

Figure 3.1: PCA biplot for identifying trends between sampling sites and their associated plant
communities from the 2017 vegetation surveys. The angle between the arrows reflects the
correlation between predictor variables. (A) PC1 vs. PC2 (25.3% of the variance) shows plant
communities segregated into 3 clear groupings, in which species in Site 6 differed from those in
Site 1 and those in Site 2, Site 3, Site 4, and Site 5. (B) PC1 vs. PC3 (24% of the variance) shows
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separation again between Site 1 and Site 6 with increased separation from Site 5. (C) PC2 vs.
PC3 (22.3% of the variance) shows more isolation of Site 5 from the other sites. Therefore, the
results do not support the view that there is a preference among these plant communities, at least
not one that is expressed by the presence of A. robusta in some communities but not others.
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Figure 3.2: PCA biplot identifying trends between sampling sites and soil nutrients or site
characteristics from the 2017 vegetation surveys. The angle between the arrows reflects the
correlation between predictor variables. (A) PC1 vs. PC2 (64.4% of the variance) explained a
gradient in soil nutrient characteristics: increasing soil moisture and decreasing Zinc (Zn). (B)
PC1 vs. PC3 (54.6% of the variance) explained a gradient in soil characteristics: increasing
Phosphorous (P), Sodium (Na), Magnesium (Mg), Calcium (Ca) and Potassium (K), and
decreasing soil pH. (C) PC2 vs. PC3 (41% of the variance) explained a gradient in the remaining
soil nutrient characteristics: increasing Openness and decreasing Manganese (Mn). Since A.
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robusta was present in the standing vegetation or in the seed bank of all groups, there is no single
site in which we would expect to find it based on these results.
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Figure 3.3: PCA biplot for identifying trends between sampling sites and their associated plant
communities from the 2018 vegetation surveys. The angle between the arrows reflects the
correlation between predictor variables. PC1 vs. PC2 (24.1% of the variance) shows plant
communities segregated into 3 clear groupings, in which species in Site 4 differed from those in
Site 3 with an overlap in species composition in the remaining sites. Therefore, the results do not
support the view that there is a preference among these plant communities, at least not one that is
expressed by the presence of A. robusta in some communities but not others.
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Figure 3.4: PCA biplot identifying trends between sampling sites and soil or site characteristics
from the 2018 vegetation surveys. The angle between the arrows reflects the correlation between
predictor variables. (A) PC1 vs PC2 (71.7% of the variance) explained a gradient in soil nutrient
characteristics: increasing light intensity and decreasing soil moisture. (B) PC1 vs. PC3 (59% of
the variance) shows a gradient in soil nutrient characteristics: increasing soil moisture and
decreasing soil pH. (C) PC2 vs. PC3 (47.7% of the variance) explained a gradient in soil nutrient
characteristics: increasing soil moisture and decreasing openness. Since A. robusta was present
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in the standing vegetation or in the seed bank of all groups, there is no single site in which we
would expect to find it based on these results.
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Figure 3.5: Logistic regression to assess the relationship between A. robusta presence and
openness (%) during the field vegetation surveys in 2017 at all of sites surveyed, displaying the
significant positive correlation (p < 0.05). Sites where openness was measured include, Site 1,
Site 2, Site 3, Site 4, Site 5, and Site 6.
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Figure 3.6: Logistic regression to assess the relationship between A. robusta presence and
phosphorous (mg/L) content in the soil during the field vegetation surveys in 2017 at all of the
sites surveyed, displaying the significant positive correlation (p < 0.05). Sites where phosphorous
was measured include, Site 1, Site 2, Site 3, Site 4, Site 5, Site 6.
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Figure 3.7: Logistic regression to assess the relationship between A. robusta presence and pH
content in the soil during the field vegetation surveys in 2017 at all of the sites surveyed,
displaying the significant negative correlation (p < 0.05). Sites where pH was measured include,
Site 1, Site 2, Site 3, Site 4, Site 5, Site 6.
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Figure 3.8: Effects of week and light intensity on A. robusta seed germination. Week included
the three sampling weeks and light intensity included four light intensities ranging from 25 to
100% full light. Three hundred seeds were assessed per light duration/light intensity treatment
and germination was assessed by the emergence of a radicle or presence of cotyledons. To meet
ANOVA assumptions, square-root transformations were applied. Differences in germination
among light intensities and across week were determined using Student’s T test multiple
comparisons. Bars represent means ± standard error and bars with the same letters are not
significantly different (p > 0.05).
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Figure 3.9: Effects of light duration (hours) on A. robusta seed germination. Light duration
varied from 12 to 15 hours of daylight. Three hundred seeds were assessed per light duration
treatment and germination was assessed by the emergence of a radicle or presence of cotyledons.
To meet ANOVA assumptions, square-root transformations were applied. Differences in
germination across light duration (hours) were determined using Student’s T test multiple
comparisons. Bars represent means ± standard error and bars with the same letters are not
significantly different (p > 0.05).
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Figure 3.10: Effects of temperature (˚C) and sampling day on A. robusta seed germination.
Germination temperature trials were conducted within a BioChambers TPC-19 Standard growth
chamber under a 15/9-hour light/dark cycle. Treatments include various day/night temperatures
ranging between 10/5 to 40/35˚C, and sampling days were every 3 days for a total of 15 days.
Three hundred seeds were assessed for every temperature treatment quantifying germination by
the emergence of a radicle or presence of cotyledons. Differences in germination among
temperatures and across sampling day were determined using Student’s T test multiple
comparisons. Bars represent means ± standard error and bars with the same letters are not
significantly different (p > 0.05).
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Figure 3.11: Different stages of A. robusta seed germination during both light and temperature
germination trials. Seeds were placed on blue blotter germination sheets (Anchor Paper Co.) in
100 mm x 15 mm sterile polystyrene Petri dishes (Fisher Scientific). Germination trials were
conducted within a BioChambers TPC-19 Standard growth chamber at Wilfrid Laurier
University, Waterloo. (A) Seed first placed on blue blotter germination sheets, not yet
undergoing germination. (B) Seed after the formation of mucilage. (C) A germinated seed with
radicle emerging. (D) Small seedling with gelatinous trichomes discarding seed coat with
presence of mucilage.
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Figure 3.12: Effects of temperature (˚C) and sampling day on A. robusta seed mucilage
production. Germination temperature trials were conducted within a BioChambers TPC-19
Standard growth chamber under a 15/9-hour light/dark cycle. Temperature include various
day/night temperatures ranging between 10/5˚C to 40/35˚C, and sampling days were every three
days for a total of fifteen days. Three hundred seeds were assessed for every temperature
treatment assessing germination by the emergence of a radicle or presence of cotyledons.
Differences in mucilage among temperatures and across sampling day were determined using
Student’s T test multiple comparisons. Bars represent means ± standard error and bars with the
same letters are not significantly different (p > 0.05).
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Figure 3.13: Effects of temperature (˚C) and sampling day on A. robusta seed trichome presence.
Germination temperature trials were conducted within a BioChambers TPC-19 Standard growth
chamber under a 15/9-hour light/dark cycle. Temperature include various day/night temperatures
ranging between 10/5˚C to 40/35˚C, and sampling days were every three days for a total of
fifteen days. Three hundred seeds were assessed for every temperature treatment assessing
germination by the emergence of a radicle or presence of cotyledons. Differences in trichomes
among temperatures and across sampling week were determined using Student’s T test multiple
comparisons. Bars represent means ± standard error and bars with the same letters are not
significantly different (p > 0.05).
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Chapter 4: Discussion
4.1 Objective 1: Determine the status of A. robusta in Southwestern Ontario and
characterize sites where previous element occurrences were reported and new occurrences
identified
4.1.1 Vegetation cover and seed bank assay comparisons
The vegetation surveys and seed bank assays were conducted to determine if A. robusta
was present in the field and in the seed bank at historic and newly identified sites. Furthermore,
we wanted to assess any factors that may explain the absence of this species from certain sites.
The community structure of a seed bank is often different than that of the standing
vegetation and a better understanding of the plant composition is achieved when both are studied
(van der Valk and Davis 1978; Thompson and Grime 1979; Baldwin and DeRico 1999; Smith et
al. 2002; Greet et al. 2013; Bossuyt and Hermy 2001; Jutila 2003). Because we only sampled
twice per year, the vegetation surveys likely underestimate the species composition. In contrast,
at all of the sites, the species that emerged from the seed bank were only a subset of the species
present in the standing vegetation. Our results are comparable to other seed-bank studies along
the Kissimmee River, which found that only 45% of the species recorded in vegetation surveys
emerged from seed bank samples (Goodrich and Milleson 1974). This absence of viable seeds of
some species from the seed bank is a common pattern in wetlands (Leck et al. 1989). Moreover,
it is possible that conditions used to store the soil cores were not adequate and some seeds did
not break dormancy, perhaps waiting for conditions suitable for their establishment (Baskin and
Baskin 1998). Whigham et al. 2002 found that a three-year study of aboveground vegetative
biomass in twelve restored wetlands demonstrated significant annual variability. That conclusion
emphasizes the importance of conducting multiple surveys to accurately characterize the habitat
as outlined in the federal recovery strategy for A. robusta (Mitsch et al. 1998; Zedler 2000;
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Scarlet Ammannia Recovery Team 2008). When A. robusta was observed during vegetation
surveys, there was no guarantee that populations would be present in the following year, as
expected with an annual species. Bush and Lancaster (2004) suggested that A. robusta
population sizes characteristically fluctuate between survey years, which was confirmed by the
varying population sizes observed among our 2016, 2017 and 2018 vegetation surveys (Stevens
et al. 2016; 2017; 2018).
The number of A. robusta seedlings found in the seed bank were at a higher density than
those found in the vegetation surveys. The seed bank assays allowed us to determine that A.
robusta is prevalent in the seed bank and that other factors are limiting the species spread in the
field. In fact, the species is quite abundant in the seed banks of the locations it is observed in. For
example, at Site 4, there were ~3 A. robusta plants observed per cm2 in a site encompassing an
area of about 8,492,300 cm2 (Google Earth 2020). Additionally, at Site 2, there was ~1 A.
robusta plant observed per cm2 in a site encompassing about 30,557,900 cm2 (Google Earth
2020). The abundance of seeds in the seed bank and lack of presence in the vegetation may be
showing that A. robusta seed banks are protecting the populations against local extinction
following unsuitable habitat conditions (Piessens and Hermy 2006). Seed banks can often reflect
‘memories of communities past’ (Vandvik et al. 2016), and inducing these ‘memories’ can be
used as a powerful restoration tool, keeping in mind that it can be a considerable challenge for
restoration, if seed banks are dominated by invasive or other undesirable species (Honnay et al.
2002; Fisher et al. 2009). Additionally, this large population of seeds in the seed bank can also be
used for restoration in new areas or if historic site conditions become suitable again. Therefore,
A. robusta’s commonness in the seed bank may be a positive sign in terms of restoration and
reintroduction of the species.
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4.1.2 Emergence – Non-emergence correlations
For most species, there should be one or a few more favorable sites within its geographic
range where abundance is high (Brown 1984). There are also sites with less favorable conditions,
where it is less abundant but still has the capability to persist (Brown 1984). Such patterns reflect
population responses to local site conditions in particular the extent to which local conditions
meet species ecological requirements (Hutchinson 1957; Brown 1984). By using logistic
regression to analyze site characteristics it was discovered that some conditions are either
positively or negatively correlated with the emergence of A. robusta in Southwestern Ontario.
The presence of A. robusta in the vegetation cover was positively correlated with
openness based on the 2017 field data which is consilient with the findings from the light
intensity germination trials, where A. robusta percent germination increased with increasing light
intensity (Section 3.3). These findings that openness improves the emergence of A. robusta was
also supported during seed bank assays, where A. robusta emerged in seedling trays exposed to
little or no canopy cover (Stevens et al. 2017; Stevens et al. 2018). This negative response to
canopy cover by A. robusta has also been demonstrated in the related A. coccinea. In this latter
species, growth was substantially reduced by shade alone, especially when shade occurred early
and remained constant throughout the growing season (Gibson et al. 2008).
Our results suggest that the low detection of A. robusta at different sites during the
vegetation surveys may primarily be due to low light availability caused by the dense canopy
cover of other species, including Salix spp. or P. australis which inhibits emergence from the
seed bank (Table 3.1; Table 3.3). Phragmites australis in particular, is characterized by high
rates of vegetative propagation and dense canopy development which gives the species a
competitive advantage (Meyerson et al. 2000; Mozdzer and Zieman 2010). Other annual species
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face the same fate when it comes to canopy cover. For example, the growth and development of
the annual Suaeda maritima (L.) Dumort. is limited by perennials such as Puccinellia maritima
(Huds.) Parl. and Halimione portulacoides (L.) Aellen. as only a small number of seedlings
emerged beneath their dense canopies (Tessier et al. 2000). The removal of these perennials
resulted in an opening of the canopy and a significant increase of percent germination and
seedling establishment of S. maritima (Tessier et al. 2000). Without the elimination of the
perennials, the fate of S. maritima seedlings depended to a great extent on the permeability of the
canopy to light (Tessier et al. 2000).
Competition with lesser assumed competitive species that A. robusta coexists with can
also cause disadvantages to the species germination and growth. For example, A. robusta is
observed growing with Xanthium strumarium L. (common cocklebur) (Table 3.1; Table 3.3), a
species that has been documented to cause yield reductions in G. max ranging from 10 to 80%
depending on densities and duration (Barrentine 1974). A following study found that during the
first 4 weeks of growth, belowground competition is the primary source of interference of
common cocklebur to soybean (Bozsa and Oliver 1990), and Eagles (1972) suggested that
belowground competition may begin at an earlier stage than aboveground. Echinochloa crusgalli (L.) Beauv. is also found to be a fairly common coexisting species in A. robusta’s historic
habitats (Table 3.1; Table 3.3). When Kropff et al. (1984) assessed the competition between a
maize crop and a naturally established weed population dominated by E. crus-galli they found a
reduction in the growth of maize. The fast and severe competitive growth of E. crus-galli
reduced the height growth of maize so that plants were not able to overtop the weed (Kropff et
al. 1984). These comparisons show that native and invasive species beyond P. australis with
competitive abilities may be limiting the success of A. robusta.
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Soil pH can also be considered a key factor impacting seed germination and emergence
because of its influence on many other soil properties and processes (Baskin and Baskin 2014;
Gentili et al. 2018). Although little is known, it appears that A. robusta as well as other
Ammannia species are most often found in habitats with a pH ranging from 6.0 to 7.3 (Les 2017).
Furthermore, it was concluded from logistic regressions conducted with the 2017 field vegetation
data that A. robusta presence was negatively correlated with an increase in pH from 7.0 to 8.5.
However, A. robusta was able to successfully germinate in pH ranges between 7.0 to 8.5 during
the seed bank assays conducted in 2017 and 2018. Therefore, the increase of pH may not be a
factor directly limiting A. robusta’s germination in Southwestern Ontario.
Limited information is available about conditions necessary for wetland plants including
A. robusta, but it is known that they can germinate across wide pH ranges (Simpson 1966;
Rivard and Woodard 1988). A recent study found that Ambrosia artemisiifolia L. (a species
found to be growing with A. robusta), is greatly affected by pH, but it is able to germinate and
grow in soils with different pH levels (Gentili et al. 2018). However, its success, in terms of
growth of vegetative traits, increases when the soils reaction is slightly acidic (pH 6) (Gentili et
al. 2018).
Additionally, wetland plants are typically limited by phosphorous (P) supply
(Koerselmaan and Meulman 1996; Romero et al. 1999), which is an important macronutrient
required for a plant’s growth and is essential at all developmental stages (Schachtman et al.
1998; Shepherd et al. 2016; Malhotra et al. 2018). Phosphorous supply plays a particularly
significant role in promoting root development and seedling establishment (Sugiyama and
Yazaki 2012). The positive correlation observed between increasing phosphorous availability
and A. robusta germination may suggest that A. robusta is phosphorous limited. A study by
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White (2012) found that increased P content enables annual crop seedlings (e.g. G. max) to
establish faster and, ultimately, to produce plants with higher yields. This related to Site 6 a site
where A. robusta was observed in both 2016 and 2017. This site is a cultivated G. max field and
contained the highest amounts of P compared to any other site surveyed (Table A1). The
increased P in this site may be the reason why this site hosted the largest known population in
Ontario, covering ~2000 m2 with stem densities exceeding 1,100 stems per m2 (Stevens et al.
2016).
4.1.3 Seed burial depth
The absence of A. robusta during the vegetation surveys but dense abundance during the
seed bank assays may also be due to seed burial depth (Table 3.1; Table 3.2; Table 3.3; Table
3.4). Seed burial has been recognized as a major selective force in the evolution of seed
germination, seedling emergence, seedling biomass and survivorship of seedlings (Maun 1994;
Baskin and Baskin 1998; Cuneo et al. 2010). Experiments conducted on A. coccinea showed a
significant decrease in seedling emergence with increasing depth (Shen et al. 2010). Ammannia
coccinea had the greatest seedling emergence (46.4%) when seeds were at the surface (Shen et
al. 2010). Additionally, the maximum soil depth that permitted germination and seedling
emergence was 2 cm (Shen et al. 2010).
Negative impacts on A. robusta seed germination could also be caused from seeds being
covered by sediment or plant litter. Plant litter decreases germination by reducing light at the soil
surface or decreasing the amplitude of daily temperature fluctuations (van der Valk 1986). At
many of the study sites, we observed the accumulation of dead stems and litter (primarily P.
australis and T. latifolia) (Table 3.1; Table 3.3). Typha spp. have a strong resistance of their litter
to fragmentation and decay (van der Valk and Davis 1978) and the accumulation of their litter
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facilitates their own increasing dominance in Great Lakes wetlands by supressing other species
(Vaccaro et al. 2009). When studying the difference in litter accumulation and their effects on
species density between bayside wetlands and protected wetlands, Vaccaro et al. (2009) found a
significant negative correlation. Protected wetlands had significantly higher mean plant species
density (8.8 to 9.8 species/m2) than bayside wetlands (6.8 to 8 species/m2). For example, in
controlled plots when the cover of fallen cattail litter increased, there was decreased seedling
survival of Peltandra virginica (L.) Schott (Vaccaro et al. 2009). Therefore, there is a possibility
that cattail litter seems to be causing a similar change in the environment and plant community of
wetlands along Lake Erie.
Sedimentation in wetlands due to agricultural runoff is a significant threat to the
conservation of natural areas (Wang et al. 2014). Several studies have found that accumulation
could impact species richness and overall abundance through inhibiting seed germination and
smothering plants (van der Valk et al. 1981; Galinato and van der Valk 1986; Dittmar and Neely
1999; Werner and Zedler 2002; Wang et al. 2013). Another study examined the effects of
sediment depth on the emergence of seedlings from wetland seed banks (Jurik et al. 1994). The
authors found that the total number of seedlings of all species emerging from lacustrine marsh
seed banks were significantly reduced by as little as 0.25 cm of sediment (Jurik et al. 1994). It
was also noted that seedling emergence was reduced by 43% following burial of 2 cm of
sediment (Jurik et al. 1994). Galinato and van der Valk (1986) assessed seed germination in
mudflat annuals (Atriplex patula L. and Chenopodium rubrum L.) in the Delta Marsh, Manitoba,
Canada. When sown in sandy soil at six depths ranging from 0 to 5 cm, these annuals had the
highest mean germination percentages on the surface (79%), with a sharp decline when the seeds
were buried even at 1 cm (38%) (Galinato and van der Valk 1986). Sedimentation may also
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reduce nutrient availability (Windham and Ehrenfeld 2003), alter hydrological regimes, and
increase thermal regimes (Pose et al. 2003). Many study sites in Leamington and Pelee Island are
surrounded by agricultural fields with the potential of sediment runoff. Additionally, smallseeded species and annual species (like A. robusta) are more susceptible to the high sediment
load (Wang et al. 2014).
Litter accumulation is one of the key variables influencing seedling recruitment and
consequently the regeneration of plant populations and seed persistence in the soil seed bank
(Wardle et al. 1997; Grime 2001; Zhang et al. 2017). Even if seeds are cold stratified in the
winter, their germination may be inhibited if they become covered by sediment or litter in the
spring (Baskin and Baskin 2014). Seed size is important in the recruitment of annual species,
especially in areas with heavy litter, and seedlings from larger seeds have a greater chance of
being successful than those from small seeds (Gross 1984; Fenner 1985; Kotorova and Leps
1999; Jensen and Gutekunst 2003; Donath et al. 2006). Therefore, the small size of A. robusta
seeds (420 to 490 µm long, 300 to 378 µm wide, and 165 to 220 µm thick) may limit the species
success in conditions of high litter accumulation or sediment load. Based on the broader plant
composition observed during field vegetation surveys, the areas most affected by dead plant litter
(especially from P. australis and T. latifolia) are Site 3 and Site 4. Cattails (Typha spp.) form
dense stands of living and dead biomass that appear to reduce the diversity of other wetland
species (Vaccaro 2005; Frieswyk and Zedler 2007; Tulbure et al. 2007) (Table 3.1; Table 3.2).
The removal of litter from such habitats promotes establishment of other species and increases
diversity (van der Valk 1986). It was observed by Carson and Peterson (1990) that the removal
of litter in the spring produced significantly higher total plant densities of annuals in May,
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including A. artemisiifolia, a species observed to be growing with A. robusta during field
vegetation surveys (Table 3.1; Table 3.3).
4.1.4 Water availability
Since germination is highly dependent on available soil moisture, temporal, or
quantitative changes in the water availability could alter seedling emergence, thus possibly
explaining the absence of A. robusta during vegetation surveys (Kos and Poschlod 2008).
Information on A. robusta’s osmotic potential is not available, but it is surmised to be similar to
that of A. coccinea. When studying osmotic potential in A. coccinea, Shen et al. (2010) reported
that both germination and seedling emergence were significantly affected by osmotic potential.
Seed germination decreased with decreasing osmotic potential and the greatest germination of A.
coccinea was 32.9% observed at the osmotic potential of 0 bar (Shen et al. 2010). This suggests
that A. robusta may also experience a significant decrease in germination with a lack of
sufficient amounts of water. Ammannia robusta requires periodic flooding and suitable water
levels to germinate and establish (Graham 1985). During vegetation surveys later in the season
(July and August), dry soil conditions were noted. Essex County experiences the highest amount
of rainfall in June, with rain falling on average for ~8 days, followed by July and August which
displayed slightly smaller average precipitation in 2019 (Weather Atlas 2020a). Additional
studies on summer annuals, such as Amaranthus tuberculatus subsp. rudis (Sauer) Costea and
Tardif, Rottboellia cochinchinensis (Lour.) and Amaranthus palmeri S. Wats. showed that water
stress negatively affected their growth (Moran and Showler 2005; Chauhan 2013; Sarangi et al.
2016). The ability to survive drought differs among species and is an important limiting factor
for plant growth (Bray 1993). This is increasingly important as global climate change is
increasing the frequency of severe drought conditions (Dai 2013).

102

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
4.1.5 Conclusions
Although A. robusta populations varied between years, it was present in both the standing
vegetation and the seedbank at all of the historic sites (with the exception of Site 3) in 2017 and
2018. In a preliminary greenhouse planting study completed in 2017, A. robusta seeds were
sown in soil from some historic sites (Site 1, Site 2, Site 3, Site 4, and Site 5), to determine if the
seeds had the capacity to germinate when present near the surface of the soil (< 1 cm). The
results from this study indicated that A. robusta was capable of germinating in soil from all sites,
including Site 3. This preliminary study suggested that A. robusta has the capability of
germinating and growing in soil from all of the sites. Therefore, other site conditions may not be
suitable, A. robusta seeds are no longer present in the seed bank of the area, seeds are dormant,
or seeds are buried too deep under sediment or litter.
The vegetation surveys, the seed bank assays, and the preliminary greenhouse planting
study help to determine what may be limiting A. robusta’s success in the field. The vegetation
surveys were conducted to identify if A. robusta was present in areas where it had been
documented historically. The seed bank assays were conducted to discover if A. robusta was
absent from the field because it is no longer there, or, if conditions do not support its germination
and growth. When A. robusta still did not emerge from the soil, seeds were planted in soils
obtained from the same sites to identify if the soil was unable to support the species. Ammannia
robusta’s emergence from the planted soil core study supported the conclusions that it is capable
of growing in these sites, however other factors including seed burial, water, and light
availability may be limiting the species germination. These studies combined, fill knowledge
gaps about factors contributing to A. robusta’s rarity. Further examination is needed to confirm
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how water availability and seed burial specifically contribute to the limited distribution of A.
robusta in Canada.
4.2 Objective 2: Determine the effects of competitor removal on A. robusta seedling
germination and growth
In Ontario, the abundance of A. robusta has declined and is expected to continue
declining according to Environment Canada (2015). One of the factors contributing to this trend
may be the impacts of invasive species (Environment Canada 2015). The increasingly abundant
invasive P. australis has been observed in almost every site during the vegetation surveys and
has taken over the habitat of some of the historic populations of A. robusta (Table 3.1; Table
3.3). This study involved both a field assay encompassing the removal of all species from half of
a quadrat, and a greenhouse soil core assay in which all species from half of an undisturbed soil
core were removed. It was hypothesized that the establishment of A. robusta will increase with
the removal of other vegetation in response to decreasing competition from surrounding species.
The general findings of both the field assay and the greenhouse soil core assay were not able to
provide evidence to support the hypothesis, as A. robusta was not present during both the field
assay and the greenhouse soil core assay.
4.2.1 Seed burial depth
Seed burial could influence the demography of A. robusta in both components of the
study. It was thought that seed burial depth may be limiting the emergence of A. robusta because
the species germinated from the same soils (Site 2, Site 4, and Site 5) when they were disturbed
and placed in seedling trays in both the 2017 and 2018 seed bank assays (Stevens et al. 2017;
2018). Disturbances appear to play a significant role in shaping the structure of plant
communities (White 1979, Vogl 1980). Additionally, the light availability may have been altered
in the seedling trays relative to the field allowing light penetration through the soil layer to
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improve the seed germination and emergence of seeds found at higher depths (Koger et al. 2004;
Rao et al. 2008). It is assumed that the disturbance prevents monopolization of some limiting
resources (e.g. space) by more vigorously growing species, without restricting the persistence of
rare species (Armesto and Pickett 1985). For example, Armesto and Pickett (1985) found a
positive correlation when assessing the relationship between species richness and disturbance.
This may be because the availability of open soil patches and increased light exposure as a result
from soil disturbance has been shown to increase germination rates in many species (Scopel et al.
1994; Penny and Neal 2003; Zhou et al. 2005; Finch-Savage and Leubner-Metzger 2006). With
disturbance, species that would normally have been excluded due to shading may be able to
increase in cover and frequency (Armesto and Pickett 1985). Ammannia robusta’s positive
correlation with germination and openness implies that it is a species that is limited by shading.
The preliminary greenhouse planting study conducted supports the conclusion that A.
robusta seeds are able to germinate in soils collected from Site 2, Site 4, and Site 5, when under
suitable conditions, and planted at a soil burial depth (< 1 cm) (Stevens et al. 2017). Since A.
robusta has been found in the soil from these areas, and we know that the existence of seeds
indicates the possibility of germination, the hypothesis of seed burial impacting germination is
plausible. Also noted from the preliminary greenhouse planting study, was the decreased species
richness in comparison to seed bank studies. The higher species richness observed in seedbank
assays where soil samples were evenly dispersed in seedling trays, supported the idea that
disturbance, along with burial depth, improved the germination of many of the species that were
otherwise buried deeper in natural undisturbed soils represented in the greenhouse planting
study. In studies conducted by Shen et al. (2010), they found that soil burial depth significantly
affected the seed germination and emergence of the similar species, A. coccinea. Since A.
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coccinea is also photoblastic (Nakayama and Takabayashi 1987), seedling emergence decreased
with increasing soil burial depth and no seedlings emerged from soil depths greater than 3 cm
(Shen et al. 2010). When assessing the effects of burial depth of the common ragweed A.
artemisiifolia, Guillemin et al. (2011) found that seedling emergence was greater for the seeds on
the soil surface and decreased with an increasing burial depth, a trend noticed for several other
weeds (Benvenuti et al. 2001).
Being a small-seeded species increases the likelihood of becoming buried (Thompson et
al. 1993; Thompson et al. 2001; Lambert et al. 2004). When assessing the effects of seed weight
on seed behaviour of A. artemisiifolia, Guillemin et al. (2011) found that the lighter seeds were
more sensitive to burial. Heavier seeds with higher energy reserves are more likely to succeed in
emerging from greater burial depths (Thomas et al. 2006; Harrison et al. 2007), a trend noticed in
Lithospermum arvense L. (Milberg et al. 1996) and Abutilon theophrasti Medik. (Baloch et al.
2001). Ammannia robusta, being a very small, presumed lightweight seed, may be facing similar
limitations in terms of soil burial depth. Short exposure to light (e.g. less than a minute) has been
observed to fulfil light requirements for some aquatic species (Sauer and Struik 1964; Wesson
and Wareing 1969). However, if the seeds were buried too deep, any short exposure required for
A. robusta would not occur, preventing seed germination. A greater level of seedling emergence
for those seeds that were disturbed and likely placed near the soil surface, with more light, could
elucidate that A. robusta prefers open habitats, where the probability of burial is low.
4.2.2 Seed dormancy
The ability to detect seeds in the soil may have also been compromised by seed
dormancy. A dormant seed is one that does not have the capacity to germinate in a specified
period of time under any combination of normal physical environmental factors (temperature and
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light) that otherwise is favourable for its germination (Baskin and Baskin 2004a). Due to the
limited information available regarding A. robusta’s dormancy, our results were compared to
other Ammannia species like the similar A. coccinea, which was reported to exhibit a
physiological dormancy. Physiological dormancy is the most common class of dormancy in
seeds of aquatic species (Baskin and Baskin 2014).
Previous research has determined that A. coccinea and A. auriculata seeds require at least
100 days of cold stratification in the winter and are no longer dormant by spring. Germination
will occur when seeds are exposed to optimal water, day/night temperature and light conditions
(Benech-Arnold et al. 2000; Baskin et al. 2002; Baskin and Baskin 2014; Les 2017). Ammannia
robusta may also display the same dormancy period and require similar conditions to initiate
germination. Exposure to light, especially for small-seeded species, breaks dormancy and
promotes germination. However, the required light conditions for dormancy release depend on
the species and may impact the timing of seedling emergence in the field (Bewley and Black
1982; Boyd and Acker 2004). Seeds on the soil surface will germinate only if they are
conditionally dormant or nondormant, and temperature, soil moisture, and light quality are
optimal (Leck et al. 1989).
Preliminary studies conducted on A. robusta suggested that flooding is not a prerequisite
condition to break dormancy in Canadian populations, and that it is not considered a limiting
factor for seed germination (Costea et al. 2017). Of the many factors that regulate seed
germination in the field, seedling emergence patterns for most species are mainly influenced by
temperature (Baskin and Baskin 1977; Bouwmeester 1990). The dormancy of seeds is also
temperature dependent and seeds have specific temperature requirements for germination which

107

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
are usually seasonally characteristic (Bouwmeester and Karssen 1992; Vleeshouweres 1997;
Finch-Savage and Leubner-Metzger 2006).
The majority of habitats A. robusta is found in are periodically flooded during the
unfavourable season for plant growth and not flooded when conditions are suitable for plants
growth. If dormancy break occurs while seeds are submerged, they can germinate immediately
after the water recedes (Baskin et al. 2014; Costea et al. 2017). However, if the dormancy loss
does not occur until after the water recedes, the majority of the favourable period for plant
growth (growing season) could be over before the seeds become nondormant and germinate
(Baskin et al. 2014).
4.2.3 Invasive species
Understanding the changes that invasive species can have on ecosystems is of the utmost
urgency for land managers and restoration ecologists because competition by invasive species
may also be a major factor impacting the current distribution and success of A. robusta. Further
research is needed to determine the interaction between A. robusta and its competitor species to
clarify whether above- or below-ground competition (especially from P. australis) is limiting A.
robusta germination, seedling establishment and plant growth. Globally, P. australis is
considered one of the most aggressive invasive species as it is more productive than most other
wetland plants and takes over numerous habitats including some of A. robusta’s historically
reported natural habitats (Fell et al. 1998; Findlay et al. 2002; Marris 2005; Uddin et al. 2012). A
study conducted on Pelee Island by the Nature Conservancy of Canada on a shoreline habitat
covered with more than 800 m of P. australis found that the removal of the reed (from rolling
and burning) brought rise to Hibiscus moscheutos L., Ontario’s only native hibiscus (McFarlane
2014). According to numerous studies, alien competitors are known to be aggressive invaders,
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with populations that expand rapidly, negatively impacting the new ecosystem due to higher
competitive abilities than that of native species (Thébaud and Simberloff 2001; Mitchell and
Power 2003; Sanon et al. 2009; Torbick et al. 2010). This invasion of alien species displaces
native species, leading to their endangerment and potential extinction (Vitousek et al. 1997;
Wilcove et al. 1998; Simberloff 2003).
4.2.4 Conclusions
This competitor removal study was conducted to show the importance of small-scale
disturbance and decrease in competition from the removal of competitor species in enhancing
species richness. The information gained from understanding the impacts that competitor species
have on native plant communities will help in determining the most useful mitigation efforts to
conserving native species and their habitats (Rejmánek and Richardson 1996; Byers et al. 2002;
Levine et al. 2003). Conservation efforts focusing on the removal of aboveground competitive
invasive species (shoots and litter) causing a small-scale disturbance would be beneficial to
promote the expansion of A. robusta populations back into areas of its native distribution.
Additionally, the effect of seed burial depths under controlled and field conditions should be
studied so that recommendations can be made for using tillage as an invasive control method.
4.3 Objective 3: Determine how light intensity and/or duration affect A. robusta
germination
Light is imperative for the seed germination of certain plants and different plants have
altered light requirements (Finch-Savage and Leubner 2006; Baskin and Baskin 2014). The
responses of seeds to light have evolved to prevent the occurrence of germination in places and
at times that are unfavourable to seedling survival and establishment (Baskin and Baskin 1981;
Milberg and Andersson 1997; Ohadi et al. 2010). Many wetland plant species, including
Ammannia are intolerant to shade and require light for germination or have higher germination
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rates at higher light intensities (Salisbury 1970; Baskin et al. 1989; Baskin and Baskin 1998;
Battaglia et al. 2000; Nakayama and Takabayashi 1987; Baskin et al. 2002; Shen et al. 2010)
However, it was unclear as to how light intensity and duration may affect the germination of A.
robusta. Our results confirmed previous preliminary research conducted by Costea et al. (2017),
who determined that when exposed to higher light intensity and longer light duration, A. robusta
germination rates were significantly higher. These results for A. robusta are similar to those
reported for A. coccinea and Ammannia multiflora Roxb. (Baskin et al. 2002; Shen et al. 2010).
4.3.1 Germination response to increased light intensity
Consistent across all trials, A. robusta showed a significant increase in seed germination
when exposed to an increase in light intensity, supporting the hypothesis. When A. robusta seeds
were exposed to 100% full light (~735 µmol s-1 m-2) germination rates were higher, than the
seeds exposed to 75, 50 or 25 (~544 to ~170 µmol s-1 m-2). This germination response to light
intensity is common in many annual plants (Horng and Leu 1978). For example, Horng and Leu
(1978) reported that the seeds of Echinochloa crus-galli (L.) Beauv. and Portulaca oleracea L.
also exhibited higher germination rates at the latter higher light intensities (17.6, 19.4, 20.4, and
25 µmol s-1 m-2) with temperatures ranging between ~25 to 30°C. Although strong sunlight is
usually accompanied by high temperatures, the seeds germinated well in the greenhouse under
full sunlight at lower temperatures during the winter season (Horng and Leu 1978). The authors
concluded that the stronger sunlight, rather than high temperature in the greenhouse was the
crucial factor for high germination (Horng and Leu 1978). A later study by Chan et al. (2014)
also found that the annual Arabidopsis thaliana (L.) had higher germination percentages when
exposed to an increase in light intensity. Out of the four light intensities used (0, 18.8, 94.5, and
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169.0 µmol s-1 m-2), the highest germination rates and hypocotyl elongation were observed at
94.5 µmol s-1 m-2 (Chan et al. 2014).
4.3.2 Germination response to increased light duration
Ammannia robusta germination was hypothesized to have greater success with longer
daylength exposure. Seed germination results were consistent across the three day lengths (12,
13.5 and 15 hours) used, with an increase when exposed to 15 hours. However, although the
highest germination rates were observed at the longest light duration, seeds were also capable of
germinating when exposed to the other light durations, indicating that A. robusta may be able to
establish later in the season if sufficient water and the required temperatures are present (Costea
et al. 2017).
Related findings were also noted in other plants. For example, in Phalaris minor Retz.
and Poa annua L. the germination increased significantly when seeds were exposed to longer
light durations (Ohadi et al. 2010). Additionally, germination rates were greater when trials ran
for three weeks than in trials that ran for one or two weeks (Ohadi et al. 2010). A study by Zhang
et al. (2019) assessing the endangered Sonneratia hainanensis W. C. Ko et al. (Lythraceae) from
Hainan Island in China, also found that a longer daylength (12/12-hour as opposed to 4/20-hour
light/dark cycles) promoted seed germination and radicle growth. In contrast, Shamsi and
Whitehead (1974a) reported that light duration did not affect the germination rate of Lythrum
salicaria L., but the growth of seedlings and young plants was significantly higher under long
day conditions (14 and 15 hours) compared to short days (10, 11, and 12 hours) (Shamsi and
Whitehead 1974b).
Natural Resources Canada (2020) also suggested that longer growing seasons may
increase plant productivity. There has been a significant increase in growing season length

111

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
(approximately 2 days/decade) across the country over the 1950 to 2010 period and it is
projected by the end of the 21st century, growing seasons will be 20 to 40 days longer (Natural
Resources Canada 2020). Although these prolonged growing seasons give more opportunity for
growth, any climate change-related modifications potentially increase other risks and may limit
the extent to which these gains are realized (Natural Resources Canada 2020).
The response of A. robusta seeds to light intensity and light duration indicates that there
could be a trade-off between the two variables in terms of the effect they have on seed
germination. When A. robusta was exposed to 25% of full light for three weeks, although it may
have taken longer, germination was achieved at higher percentages then when it was exposed to
50 and 75% of the full light after the first week. These results, similar to the findings of Ohadi et
al. (2010) and Costea et al. (2017), indicate that the substitution of light duration for light
intensity, or vice versa, may yield similar percent germination results. For instance, Ohadi et al.
(2010) found that a short light exposure duration at a high light intensity caused the same
stimulating effect on P. annua seed germination as a longer light exposure duration at a lower
light intensity.
4.3.3 Seed size
The light requirement for germination of the small seeds of A. robusta is expected. A
relation between the seed size and the effect of light intensity and quality on germination was
identified in many temperate herbaceous species, showing an increased reliance of light in
smaller seeds (Milberg et al. 2000; Jankowsk-Blaszczuk and Daws 2007). Milberg et al. (2000)
assessed 54 annual species with different seed sizes in relation to light dependency and found
that the response to light markedly decreased with increasing seed mass. This supported their
original hypothesis and the observations of Grime et al. (1981), who suggested that light as a
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germination cue, becomes more important in species with relatively small seeds. Similarly, when
assessing the light requirements for 4 annual Asteraceae in south western Australia, Shütz et al.
(2002) found the germination response to light was directly related to seed weight. The two
species with the largest seeds (Ursinia anthemoides (L.) Poir. and Podotheca gnaphaloides
Graham) germinated better in darkness than in light, whereas germination in the smallest seeds
(Millotia myosotidifolia (Benth.) Steez) was most exclusively confined to light (Shütz et al.
2002). There is no doubt that light may be a limiting factor for germination in small seeds
(Jensen and Gutekunst 2003).
4.3.4 Invasive and neighbouring species
Ammannia robusta is threatened by invasive species such as P. australis. This invasive
plant species can cause a direct reduction in light availability affecting the growth of native
plants (MacDougall and Turkington 2005; Minchinton et al. 2006). Shading by P. australis
triggers shifts in plant composition leading to an increase in shade-tolerant species and a
decrease in light demanding species (Güsewell and Edwards 1999). This implies that A. robusta
may be negatively affected by both the shading and subsequent decrease in light intensity that
mature P. australis provides beneath the canopy. Phragmites australis is characterized by tall,
dense canopies of both standing shoots and massive amounts of dead litter (Swearingen and
Saltonstall 2010; Holdredge and Bertness 2011). Additionally, due to the seasonal pattern of
shading by P. australis, the most affected species are those that grow until the end of the summer
(e.g. A. robusta), in comparison to species that complete their annual growth in the early summer
(Güsewell and Edwards 1999; Environment Canada 2015). In a study conducted by Gibson et al.
(2008), who assessed the growth of A. coccinea in response to shade, results indicated that the
growth and seed production of A. coccinea was greatly reduced with an increase in shade. An
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additional study assessing the effects of P. australis shade on the wetland species Carex
lasiocarpa Ehrh., found that the two were negatively correlated, indicating the latter species
might be excluded by P. australis shading (Onimaru and Yabe 1996). Okusanya (1978), also
reported that Luffa aegyptiaca exhibited similar responses in germination percentages when
exposed to an increase in shade. The significantly greater germination observed in light supports
field observation for the species, in which there is a noticeable increase in the number of
seedlings in newly cleared areas and that darker conditions slowed down the germination
(Okusanya 1978).
In addition to the effects resulting from light competition with other species, the seed
burial depth can also limit light availability the species will be exposed to in the field, possibly
decreasing or inhibiting germination (Shen et al. 2010). Studies have shown that light is used as a
depth-sensing mechanism, in order to avoid possible fatal germination of small seeds buried too
deep in the soil, a response previously shown for many small-seeded temperate species (Grime
1979; Milberg et al. 2000). The presence of P. australis and T. latifolia litter was observed the
most, particularly at Site 3 and Site 4. This accumulated litter intercepts light, subsequently
shading seeds and has been shown to have deleterious effects on seeds (Haslam 1972; Sydes and
Grime 1981; van der Valk 1986; Güswell and Edwards 1999; Windham and Lathrop 1999).
Some studies have found that P. australis litter does supress the seed bank because of the
inhibitory effects of light, and not because of any species-specific biochemical effects (Farrer
and Goldberg 2009; Holdredge and Bertness 2011). Asaeda et al. (2002) found that in an invaded
wetland, a two-year-old P. australis stand can produce up to 1600g/m2 of litter. Plus, a recent
study conducted by White (2014) found significant decreases in species emergence counts with
as little as 400g/m2 of dry P. australis litter. These results suggest that litter accumulation in A.
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robusta habitats, may be negatively impacting not only seed germination but the seed bank as
well. Additionally, several studies have shown it also creates a physical barrier causing the
obstruction of seed deposition (Hamrick and Lee 1987; Facelli and Pickett 1991; Rotundo and
Aguiar 2005; Minchinton et al. 2006; Donath and Eckstein 2010). Even if A. robusta is able to
germinate under such limited light conditions, the seedlings may not be able to make it through
the litter threshold. More research is required to examine what properties from other associated
vegetation may be affecting A. robusta. However, based on the current research it is possible that
the success of A. robusta is limited by its association with neighbouring competitive species.
Plants experience a range of light intensities due to changes in sun angle and cloud cover
in addition to shading from overlapping leaves, neighbouring plants, and seed burial depth.
Although these may impact the light availability for A. robusta seeds in the field, our results
indicate that A. robusta’s light requirements for seed germination are met in the field at the
majority of historic and new sites surveyed during 2018 vegetation surveys (Table A3; Table
A4). By ensuring the natural fluctuation in light over a diurnal period in the growth chamber that
was closely related to the light intensity the species is exposed to in the field, we could better
understand how the fluctuations in light influence A. robusta germination. This lowest light
intensity was still above the light intensity observed in the majority of study sites and even when
exposed to this intensity, A. robusta was capable of reaching >70% germination. This suggests
that A. robusta’s germination is not limited directly by the light intensity in at least some of the
sites therefore, other factors are affecting the decline of the species.
4.3.5 Conclusions
It is difficult to directly compare the results of this study to field conditions, as a
multitude of external factors could affect how seeds germinate in response to light (Ohadi et al
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2010). The potential for a water deficit is an additional environmental stressor A. robusta may
face. Seed germination requires the imbibition of water and it is well understood that percent
seed germination decreases as the surrounding water potential decreases (Bradford 1990). In
addition to water availability, plants are subjected to numerous stressors that could impact seed
germination so further examination of different environmental variables present at historic sites
would be beneficial to determine factors limiting A. robusta’s germination. Additionally, all light
intensities studied, support and promote the germination of A. robusta. Therefore, further
research should be done to determine the maximum light intensity that may be harmful or inhibit
germination. There is a possibility that if the light intensity has increased beyond the optimal
intensity, germination may be inhibited as it has been observed in other plant species (Chan et al.
2014). As seen in A. thaliana, when the seeds were exposed to light intensities past their
optimum (94.5 µmol s-1 m-2), there was a decrease in the growth rate of germinating seeds and in
response, shorter hypocotyl lengths (Chan et al. 2014). By identifying both these maximum and
minimum limits, light intensity can then either be ruled out or included in mitigation efforts for
A. robusta.
4.4 Objective 4: Determine how temperature affects A. robusta germination
Temperature is one of the most influential environmental factors in the seed germination
process by limiting the rate of occurrence and inducing or breaking seed dormancy (Bewley and
Black 1994; Fenner and Thompson 2005; Finch-Savage and Leubner-Metzger 2006 ; de Fátima
Sales et al. 2011; Baskin and Baskin 2014). A previous report indicated that A. robusta seeds
require temperatures between 30 to 45°C for germination (Environment Canada 2015). However,
in Ontario, mature plants had been observed in July which suggested that germination can occur
at lower temperatures (Stevens et al. 2016). Therefore, it was hypothesized that A. robusta would
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have greater germination percentages at higher temperatures (30 to 45°C), but it will be able to
successfully germinate at lower temperatures. Our assessment of A. robusta’s germination
response partially supported the hypothesis because it successfully germinated at the majority of
temperature trials between 30 to 45°C, but it also germinated at temperatures as low as 15°C.
4.4.1 Germination response to increased temperature
Ammannia robusta was able to germinate during temperature trials that ranged between
15/10 and 35/30°C, but not at the temperatures tested outside of that range. The lack of
germination of A. robusta outside of the range at 10/5°C (day/night temperature) implies that
10°C is the low temperature limit where A. robusta germination is inhibited. However, A.
robusta germination was observed at 15/10°C, indicating that, temperatures between 10/5 and
15/10°C can be regarded as the minimum threshold temperatures to allow germination of A.
robusta. Thus, temperatures greater than 10°C can be used to predict potential dormancy break
and seedling emergence of A. robusta under field conditions if the other environmental factors
(e.g. light and water) are satisfied. Additionally, the lack of germination at 40/35°C (day/night
temperature) indicates that it is the highest temperature limit which prohibits the germination of
A. robusta. However, A. robusta was able to germinate when exposed to 35/30°C implying that
temperatures between 35/30 and 40/35°C can be considered the maximum threshold
temperatures permitting A. robusta germination. Our results showed that lower (10°C) and
higher (40°C) temperatures inhibited germination in all treatments. A possible reason for this is
that low temperatures have inhibitory impacts on catabolic activity, while high temperatures may
denature proteins and inactivate certain enzymes (Maguire 1973). The reduced germination at
low temperatures is an active process that may be important for seed survival (Wingler 2015).
Additionally, it may be explained by the fact that these temperatures are not encountered in the
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natural habitat of the species during its annual growing season in Southwestern Ontario. By
defining and understanding the temperature threshold required for A. robusta’s germination,
predictions about seedling emergence can be made easier in order to provide appropriate
monitoring and mitigation efforts. The positive observation in terms of mitigation is the low
temperature requirement for germination. This low threshold means that seeds can germinate
early in the growing season, and thus have the maximum possible amount of time to allow for
growth, flowering and seed set before frost occurs in the fall (Baskin et al. 1995). However,
spring frosts that might follow early germination can cause significant damage when they occur
during the developmental stages of plants (Vitasse and Rebetez 2018).
Studies conducted on the similar species A. coccinea and A. multiflora concluded that
germination of these species is also significantly affected by temperature, however, their optimal
temperatures required for germination differed from those of A. robusta (Chiang and Chiang
2004; Shen et al. 2010). Ammannia robusta’s optimal temperature was noted at 20/15°C, while
A. coccinea was documented to have the greatest germination percentages at 35/30 (Shen et al.
2010), 35/20, and 30/15°C (Baskin et al. 2002). Similarly, A. multiflora’s optimal temperature
for highest germination was achieved at 32/28°C (Chiang and Chiang 2004). Ammannia robusta,
while also having high germination at 30/25°C, had the greatest success at 20/15°C with 98.33%
germination achieved twelve days after seeding. At 25/20 and 30/25°C, A. robusta seeds
germinate rapidly with over 40% germination just three days after seeding.
4.4.2 Geographical distribution
For species with large geographical distribution ranges, it is possible that local
populations exhibit different minimum and maximum germination temperatures. The
requirements for dormancy break and seed germination are specific for all species and depend on
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geographical distribution and habitat preference (Vandelook 2008). In a survey of 403 species
from England, Grime et al. (1981), found that species with a wider range of germination
temperatures had larger geographic ranges, which was later supported by Brandel et al. (2003).
Such variations in the germination temperature requirements are likely to exist in A. robusta
considering its broad geographical distribution. Although, A. robusta germination requirements
outside of Canada have not been determined, the average temperatures during growing seasons
will vary. For example, A. robusta had been observed in Cabo San Lucas, Mexico in November,
with an average monthly temperature between 17 to 29°C, temperatures not seen in Ontario
during November (Weather Atlas 2020b; iNaturalist 2018).
4.4.3 Temperature and light
Fluctuating temperatures in the field regulate seed germination by breaking dormancy
and determining the seed germination rate (Garcia Huidobro et al. 1982; Benech-Arnold et al.
1988). In the field, the germination of many aquatic species is stimulated by alternating day/night
temperatures, especially for seeds like Ammannia with a physiological dormancy (Seneca 1974,
Okusanya 1978; Ekstam et al. 1999; Geneve 2003; Brandel and Jensen 2005; Jensch and
Poschlod 2008). This indicates that gradual, rather than abrupt changes in temperatures (such as
a drop to 5 to 10°C) might be favourable for dormancy break and increase germination in many
summer annuals (Baskin and Baskin 1977; 1987; Benech-Arnold et al. 1990). Benech-Arnold et
al. (1990) stated that it is essential to quantify the effect of alternating temperatures on seed
populations with different dormancy levels in order to understand the timing of dormancy breaks
in the field.
Temperature may affect the light requirements for germination (Baskin and Baskin
2014). A germination study showed this trend in the seeds of the annual Lactuca sativa L. which

119

Kayla Salive
Assessing threats and mitigation for Ammannia robusta
germinated to >80% in light at temperatures ranging from 10 to 30°C, while in darkness
germination exceeded 45% only at temperatures ranging from 10 to about 22°C and near 0%
germination at 30°C (Evenari 1952). Additional studies found Bidens pilosa L. and Nicotiana
tabacum L. required light to germinate when seeds were exposed to constant temperatures but
germinated in both light and darkness when exposed to alternating temperatures (Toole et al.
1957; Felippe 1978).
4.4.4 Mucilage and gelatinous trichomes
Mucilage production by the seeds of A. robusta was observed during all our temperature
assays, regardless of whether the seeds germinated. When A. robusta seeds were exposed to 10/5
and 40/35°C and no germination occurred, all the seeds produced mucilage. Thus, we suggest
that A. robusta seeds are producing this myxospermous seed mucilage most likely to promote
seed imbibition as proposed in other plants (Harper and Benton 1966; Fahn and Werker 1972;
Young and Martens 1991; Huang and Gutterman 2000; Penfield et al. 2001). However,
temperatures were either too low or too high, resulting in inhibited germination. When
considering the mucilage production interaction with germination of A. robusta at different
temperatures, there is some noted relation. There is an increase of mucilage production followed
by an increase in germination with an increase in temperature. This supports the hypothesis that
the presence of mucilage may be aiding in the germination of A. robusta. Also supporting this
was Veiga-Barbosa and Pérez-Garcia (2014) when assessing effects of temperature in Plantago
albicans L.. The presence of mucilage on seeds significantly increased germination percentages
at all temperatures tested (Veiga-Barbosa and Pérez-Garcia 2014). This was conducted by
removing mucilage in some seeds (demucilaged seeds) and not in the others (intact seeds). The
final germination percentages ranged from 34 to 89% for intact seeds with mucilage, contrasting
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the 9 to 62% for demucilaged seeds, depending on the temperature (Veiga-Barbosa and PérezGarcia 2014). Additionally, in the prior study conducted by Costea et al. (2017), A. robusta seeds
produced seed mucilage both under light and in dark conditions with no statistical difference
observed between the two.
Also noted during A. robusta germination temperature trials was the increased trichome
presence with increased temperature. This may be because trichomes function in stress
resistance, protecting plants from excessive temperatures (Sandquist et al. 2003; Wagner et al.
2004; Kortbeek et al. 2016; Zhang 2020). Other functions include, retaining water during
imbibition, thereby decreasing desiccation during germination (Callow et al. 2000). When
studying the effects of trichomes on imbibition and dehydration of the annual Lachnoloma
lehmannii Bunge in the desert environment of the Junggar, Mamut et al. (2014) found that when
temperatures are high, trichomes help protect the seeds against water loss. Mamut et al. (2014)
also uncovered the ability of trichomes in L. lehmannii to take up water from the soil and slow
the rate of water loss, ultimately facilitating germination. Thus, trichomes of A. robusta being
more prevalent when temperatures are high, suggests that they are functioning to maximize the
plant fitness by helping to ensure seed germinate in unfavourable conditions.
4.4.5 Climate change
The temperatures in Essex County during the growing season (May to September) range
between 14.3 to 17.4°C on average, with the warmest range being between 19.5 to 22.1°C
(Norwegian Meteorological Institute 2020). The results from the germination experiment show
that during the entire growing season, A. robusta’s germination should not be halted by
temperature. The temperature requirements for germination are within the range of those
required in all sites where suitable habitat is present and other germination requirements are met
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(e.g. light and water). However, it is unclear as to how the temperature affects A. robusta
seedlings or other life stages. Climate has a dominant influence on several life-history traits of
species after germination (Bernareggi et al. 2016). Among the plant phenophases, seed
germination, along with seedling establishment are probably the most sensitive to variation in
climate conditions (Walck et al. 2011). These life stages, as affected by temperature, may be
directly influenced by neighboring species altering the habitat (Facelli and Pickett 1991). It has
been found that the accumulated layer of litter from neighboring species such as P. australis,
alters the physical and chemical environment directly and indirectly (Facelli and Pickett 1991).
Litter accumulation may also come from herbivores that sever leaves, like grasshoppers (Rodell
1978), or promote leaf abscission (Choudhury 1988; Risley and Crossley 1988), adding to the
litter layer. The accumulated litter shades seedlings creating a barrier to water vapor diffusion,
and reduces the thermal amplitude in the soil, reducing evaporation from the soil (Facelli and
Picket 1991). Phragmites australis, in particular, alters the biotic and abiotic environment of
wetlands, thereby excluding native species and reducing plant diversity (Stalter and Baden 1994;
Chambers et al. 2003; Keller 2000; Saltonstall 2003; Minchinton et al. 2006). Therefore, the fate
of A. robusta seedlings in the field can be affected by litter and by the interaction with
surrounding plants and herbivores.
Furthermore, it is imperative to know about the impact of temperature change on plant
germination and growth in an era of climate change. Recently, there has been an increase in
spring temperatures in the temperate zones, which may cause changes in an organism’s
developmental behaviours such as growth and flowering (Blázquez et al. 2003). In natural
habitats, seed germination and seedling establishment are affected by environmental factors such
as temperature (Baskin and Baskin 1988). Early developmental stages of plants are expected to
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be more sensitive to climate change than adult stages (Lloret et al. 2004; Fay and Schultz 2009;
Dalgleish et al. 2010). However, extreme high temperatures during the reproductive stage will
affect pollen viability, fertilization, and or fruit formation (Hatfield et al. 2008; Hatfield et al.
2011).
Heat waves or cold waves are predicted to be more intense, more frequent, and last
longer than what has been observed in recent years (Meehl et al. 2007) with the summer extreme
events having the most impact on plant productivity (Hatfield and Prueger 2015). Germination
can be arrested when the onset of spring is reversed with adverse temperatures causing a brief
return to winter as a result of climate change (Crawford 2003). For example, a review by Barlow
et al. (2015), found that when Triticum aestivum L. was exposed to late frost, it caused sterility
and abortion of formed grains. When A. robusta was exposed to cold stress (15/10°C) the time
required for germination increased, a trend also noticed for Cucumis sativus L., Phaseolus
aureus L. and Sinapis alba L. seeds studied by Simon et al. (1976). Their study also found that
the low temperatures may not only delay germination, but also reduce the overall percent
germination (Simon et al. 1976), which was similarly observed in A. robusta temperature
germination trials. When A. robusta was exposed to 15/10°C, germination did not take place
until nine days after seeding, which is very delayed in comparison to the germination that
occurred three days after seeding when seeds were exposed to 20/15 and 25/20°C.
When A. robusta seeds were exposed to more extreme warm temperatures, the same
trend was only partially noticed. At 35/30°C (the maximum threshold for germination), seeds
had a significantly lower percent germination but were still capable of germinating three days
after seeding. Besides temperature increases, an alternate impact the species might be facing due
to climate change is a decrease in precipitation (Colombo et al. 2007). Most of southern Ontario
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will receive up to 10% less precipitation during the warm season and up to 20% less precipitation
in the winter (Colombo et al. 2007). By 2071 to 2100, Ontario’s prime agricultural lands
including Essex County will receive 10 to 20% less precipitation from April to September
(Colombo et al. 2007). Moreover, if the plant is exposed to extreme temperatures, water stress
could occur quickly because the plants could lack sufficient capacity to extract water from the
soil to meet the now increased demand (Hatfield and Prueger 2015). Therefore, these higher
summer temperatures along with extreme temperature events will potentially result in moisture
stress altering the natural environments and negatively impacting the native species that live
there (Hatfield and Prueger 2015; Colombo et al. 2007).
4.4.6 Conclusions
This study was conducted to understand basic eco-physiological germination
requirements of A. robusta, specifically pertaining to its germination as influenced by
environmental factors such as temperature and light. These results suggest the importance of
germination cues (e.g. light and temperature) in preventing germination in detrimental
conditions. Our observations in the field showed that over the growing season, habitat
temperatures are within the range of those required for germination of A. robusta. Therefore,
most of the seeds on the soil surface have the capability of germinating if other environmental
factors such as light and soil moisture are suitable. However, since the germination temperature
and light assays (See Objective 3) were conducted under controlled environmental conditions,
further work conducted in the natural habitat of A. robusta is necessary. This would provide
information on germination in the field, and additional information on seedling establishment in
a natural setting. By understanding the climatic conditions that significantly enhance germination
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and seedling recruitment, management techniques can be applied accordingly to maximise the
survival and expansion of the endangered A. robusta populations.
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Summary
The overarching goal of this study was to assess the population status of A. robusta in
Southwestern Ontario and assess some factors that may be limiting the species. The specific
objectives were to: 1) Determine the status of A. robusta in Southwestern Ontario and
characterize sites where previous element occurrences were reported and new occurrences
identified, 2) Determine the effects of competitor removal on A. robusta seedling germination
and growth, 3) Determine how light intensity and/or duration affect A. robusta germination; 4)
Determine how temperature affects A. robusta germination.
The vegetation surveys and seed bank assays combined with the preliminary greenhouse
planting study helped to assess the population status, while eliminating the possibility that A.
robusta is incapable of growing in soils previously known to support it. The vegetation surveys
identified the areas A. robusta was historically documented in and newly suitable habitats, while
the seed bank assays identified the presence of A. robusta seeds in soils collected from these
study sites. When A. robusta was absent in seed bank assays, seeds were planted in soils
obtained from the same sites to identify if the soil was unable to support the species. Ammannia
robusta’s emergence from the planted soil core study in all historic and newly identified suitable
habitats supported the conclusions that it is capable of growing in these sites. However,
environmental factors including burial depth, water and light availability may be limiting the
species germination, seedling establishment and plant growth. Also noted from seed bank studies
was the high abundance of A. robusta seeds from study sites implying that A. robusta may be
quite prevalent in most areas previously known to support it. This, along with the discoveries of
A. robusta in new sites signify the possibility of A. robusta being more prevalent than currently
suggested.
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The germination studies assessing the effects of light and temperature on A. robusta
germination concluded that germination can take place in most study sites with the current light
intensity and temperatures they are experiencing in Southwestern Ontario. This germination
information along with the high abundance of A. robusta seeds in collected soil may indicate that
there may be other populations of A. robusta in Southwestern Ontario. Increased vegetation
surveys along with repetitive monitoring of new and old sites may allow new species counts to
arise and ultimately remove the species from endangerment. However, the elimination of other
factors that may be limiting the spread in current areas may also increase the chances of success
for the reintroduction of A. robusta.
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Significance and integration
My M.Sc. thesis project is significant as it is directly achieving objectives outlined in the
2015 federal government recovery strategy, such as gaining a better understanding of A.
robusta’s biology, ecology, and distribution. The results and conclusions filled in knowledge
gaps pertaining to the population status and some of the limiting factors affecting A. robusta’s
growth and distribution, such as competition, light intensity, temperature, and light duration in
Southwestern Ontario. This knowledge can now be applied to broader species conservation
efforts for A. robusta and ultimately remove the species from endangerment. The conservation of
species at risk is significant because it is important to preserve biodiversity. Each species, no
matter how small, has a role to play in the ecosystem. To successfully prevent A. robusta’s
extirpation, conservation efforts can use results from these detailed studies of species population
and the factors that may be contributing to its rarity to develop more robust recovery strategies in
historic sites as well as areas potentially suitable for plant reintroductions. The habitat protection
will indirectly benefit other species, including additional species at risk that may be present in
the area.
My study is integrative as it combines different disciplines of biology such as ecology
and physiology which are both crucial in completing the objectives outlined. It is also integrative
in that it involves the coming together of academics with government organizations in order to
solve a problem. For example, receiving funding to complete the project from the Government of
Ontario and working with organizations such as the Ministry of Natural Resources and Forestry,
the Nature Conservancy of Canada, Ontario Parks, Essex Region Conservation Authority, Parks
Canada, and the Natural Heritage Information Centre. I strive to also involve the public,
educating them and establishing a cooperative relationship with landowners and land managers
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to ensure their support which is vital for the success of conservation projects. Increasing public
education and awareness may limit harmful recreational activities at these sites and can restore
habitats. Without the cooperation of landowners and permission to go on their property, some
observations of A. robusta would not have been possible.
Throughout the four years this project has been ongoing, the research has involved many
collaborations with both government and non-government organizations. Being the first to begin
this sort of work with A. robusta, I have needed many external resources to assist in the start and
the continuation of this work. To start I collaborated with the Natural Heritage Information
Centre to gain historical records and previous observations of A. robusta, to which they were
very helpful. In return, I have facilitated the maintenance of their records by providing yearly
data reports showing direct observations of A. robusta.
Additionally, yearly reports have been submitted to the Ministry of Natural Resources
and Forestry, Ontario Parks, Nature Conservancy of Canada, Point Pelee National Park and
Essex Region Conservation Authority. These have been done to update our collaborators on
work being done on properties they maintain, and the results obtained from this work. The work
completed through this project thus far would not have been made possible without the
assistance from our collaborators. With their help, this research has addressed many knowledge
gaps outlined in the recovery strategy, such as better understanding A. robusta’s current
population status as well as eliminating some factors earlier presumed to be limiting the species
spread and success.
Future directions
Since there are a number of important environmental factors that may control the
distribution of A. robusta, we recognize it may have some limits. These limits include the
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majority of the studies being conducted under controlled conditions. However, this research
examined the current population status of A. robusta as well as addressed some of the limiting
factors that may be affecting its success. The results from the germination experiments support
that A. robusta’s temperature and light requirements for germination are within the range of
those required for germination in all sites where suitable habitats are present. Additional
experiments should be conducted to understand just what factor is present in the field that may
limiting A. robusta such as water availability, or competition from neighboring species.
Therefore, further work is required in A. robusta’s natural habitat to give a better understanding
on seed germination and early establishment.
The second objective addressed the need for expanding the knowledge of A. robusta and
its interactions with invasive species. An important limiting factor to take into consideration
when observing A. robusta in the field is the above- and below-ground competition it may be
facing. Our research has supported that even without the removal of neighbouring species, the
light intensity and temperature required for germination is met in the field, and therefore there
may be other resources that the species are not able to share. By continuing research on the
effects of competitor removal, the limiting factors may be identified and can then be used
towards the mitigation efforts for A. robusta in the field. It will also be beneficial to identify the
burial depth in which A. robusta can germinate to support the hypothesis that A. robusta may be
buried too deep in the soil, prohibiting germination.
The main outcome of our research has outlined the need for a long-term monitoring
program in all historic and newly identified habitats where A. robusta has been observed. The
monitoring of the populations is useful to determine population trends and also to understand the
changes in environmental conditions from year to year in each site. It is important to conduct
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long-term surveys in order to identify a trend in population size, as the population may fluctuate
drastically between survey years (Bush and Lancaster 2004), as evidenced by the outcomes of
our 2016, 2017, and 2018 vegetation surveys. This will help to answer an objective outlined in
the recovery strategy, which is to ensure the persistence of the species at all known sites, and to
assess the loss or degradation of these sites upon visits. This comprehensive survey of suitable
habitat in Southwestern Ontario may reveal additional populations of A. robusta. The extent of
occurrence of populations and associated vegetation communities may be mapped in years where
the populations are evident, which will contribute to critical habitat identifications (Scarlet
Ammannia Recovery Team 2008). Moreover, increased knowledge of the species’ dispersal
mechanisms will assist in identifying areas connected to occupied sites that should be surveyed.
Research on A. robusta’s demography and population dynamics will improve understanding of
how populations respond to changes in their environments facilitating the development of survey
protocols.
Additionally, based on the capability of A. robusta to produce mucilage and its
demonstrated role in dispersal, it would be useful to determine its composition. By using a
combination of chemical, histochemical and immunological methods, the complex composition
may be analyzed (Western 2012). Since the ecological role is unclear and there is a capability of
it playing a role in germination and dispersal of species, it may be important in discovering in
terms of a recovery strategy for A. robusta.
Outlined in the recovery strategy for A. robusta is also the objective to investigate the
feasibility of restoring populations at extirpated sites or in suitable habitats. This will be useful in
ensuring we not only keep but expand populations in Southwestern Ontario. Additionally, these
studies seem very realistic given the outcomes of this research and discovering the large
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quantities of A. robusta seeds found in soils from Southwestern Ontario. This idea has already
begun as the Nature Conservancy of Canada has shown their continued interest in using our
collected seed bank to try to reintroduce the species on their properties on Pelee Island, Ontario.
Through experimental trials, plant reintroduction will facilitate the identification of additional
critical habitats for A. robusta.
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Appendix
Table A1: Study site and characteristics of soils collected in 2017. Soil moisture was determined
using a W.E.T Sensor Kit HH2 moisture meter from Delta-T Devices. Soil texture was
determined using a Guide to Texture by Feel from the Natural Resources Conservation Service
Soils provided from the USDA. Soil pH was measured at University of Guelph’s Agriculture and
Food Laboratory Soil Testing Services using provided soil samples. Calcium (Ca); sodium (Na);
phosphorus (P); sodium bicarbonate extractable Magnesium (Mg); Potassium (K), DTPA
extractable Manganese (Mn), ammonium acetate extractable Zinc (Zn), and pH. Sites include:
Site 1, Site 2, Site 3, Site 4, Site 5, and Site 6.

Site
6

2

Quadrat
Number
1
2
3
4
5
1
2
3
4
5

Soil
Moisture
(%)
16.4
18.7
16.8
17.8
18.3
14.3
13.3
13.65
13.1
15.3

1

8.0

1

2

16.6

3

15.3

4

1.1

Soil
Texture
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
95% Sand
5%
Mollusc
Shells
95% Sand
5%
Mollusc
Shells
95% Sand
5%
Mollusc
Shells

pH
7.1
7
7.2
7.1
7
7.7
7.6
7.8
7.7
7.8
8.4

Open
ness
(%)
65.63
45.74
68.67
75.05
67.97
26.63
31.82
31.98
34.99
16.42

5

9.6

Na

K

4210
4080
4020
3790
3780
3420
3400
5550
3970
5460
3100

20
18
21
18
21
17
17
18
18
19
17

200
190
180
150
140
130
130
130
180
170
29

Zn
Mn
(mg/L)
soil dry
1.9
14
1.7
14
1.6
15
1.5
12
1.7
11
0.31 64
0.31 77
0.15 25
0.44 75
0.37 19
0.76 23

Mg

P

2940

14

30

0.65

22

60

1.6

2940

14

30

0.83

22

66

3.1

2970

11

23

1.3

21

52

2.0

2950

13

25

1.3

23

49

1.6

470
420
390
350
340
170
170
170
200
160
66

19
17
16
17
23
3.6
3.7
2.7
5.8
4.8
2.2

32.87
8.5
29.24
8.4
30.4
8.4

Sand
95% Sand
5%

Ca

23.65
8.4
28.78
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6

7

8

9

18.4

47.0

31.3

28.3

10

31.8

1

32.48

2

30.7

3

24.55

3

Mollusc
Shells
95% Sand
5%
Mollusc
Shells
80% Sand
20%
Mollusc
Shells
95% Sand
5%
Mollusc
Shells
95% Sand
5%
Mollusc
Shells
95% Sand
5%
Mollusc
Shells
Loamy
Sand
Loamy
Sand

8.4

4

5

4
1
2
3
4
5
1
2
3
4
5

22.35
32.65
26.13
27.05
40.63
41.6
44.6
37.95
31.03
41.58
42.63

17

26

1.0

20

54

2.5

3180

21

79

1.3

21

110

9.5

2490

17

70

0.71

29

92

8.0

2840

18

34

0.64

25

61

2.4

3110

17

42

1.0

22

79

3.6

2900

22

61

2.2

17

170

12

2680

17

20

0.56

17

66

4.7

2790

17

8.3

0.25

15

36

2.0

3040

19

7.7

0.27

15

39

1.8

5120
6020
4980
5140
4110
5210
4220
5130
5140
5330

25
27
23
24
41
24
26
21
27
28

160
170
190
150
130
110
120
150
66
110

0.27
0.93
1.4
0.26
0.16
0.38
0.77
0.90
0.15
0.45

17
21
23
14
27
9.3
23
19
4.6
4.7

470
480
420
470
570
300
480
390
460
370

3.5
8.9
13
3.2
1.3
4.1
1.8
4.4
1.2
3.2

56.4
7.7
67.38
7.9
64.72
8.3
68.1
8.2
72.67
7.7
15.08
8.1
5.6
8.5

Sand
60% Sand
40%Seashe
ll
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Clay
Clay
Clay
Clay

2810

66.16
8.6
7.7
7.5
7.4
7.7
7.7
8.1
7.8
7.7
8
7.9

69.49
31.48
24.66
22.82
27.83
26.93
25.61
14.85
19.45
57.18
62.73
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Table A2: Study site and characteristics of soils collected in 2018. Soil moisture was determined
using a W.E.T Sensor Kit HH2 moisture meter from Delta-T Devices. Soil texture was
determined using a Guide to Texture by Feel from the Natural Resources Conservation Service
Soils provided from the USDA. The pH of each soil core was taken using a Fisher Accumet pH
meter and method 9045D. Sites include: Site 2, Site 3, Site 4, Site 5, Site 6, Site 7, and Site 8.

Site
6

2

3

4

5

7

7

7

8

Quadrat
Number
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3

Soil
Moisture
(%)
6.7
9.06
7.5
8.62
38.86
12.82
30.74
30.16
38.46
36.86
1.82
7.8
10.94
13.92
17.4
10.46
6.14
7.82
7.7
10.82
20.92
3.42
9.3
18.94
27.6
40.76
6.48
41.08
36.68
39.16
22.74
33.38
13.26
9.68
3.58

Soil Texture
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Loamy Sand
Loamy Sand
Sand
Sand
Silty Clay
Silty Clay
Silty Clay
Silty Clay
Clay
Clay
Clay
Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Sandy Clay
Silty Clay
Silty Clay
Silty Clay

pH
7.2
7.6
7
7.1
7.6
7.7
7.7
7.7
8.1
8.4
8.5
8.4
7.4
7.7
7.6
7.7
8.1
8.2
7.9
7.9
7.8
7.8
7.8
8.1
8.0
8.1
7.8
7.9
7.8
7.7
7.9
8.0
8.1
8.1
8.2

Openness
(%)
31.44
23.59
40.87
26.78
21.07
21.59
22.5
24.96
21.21
23.4
70.41
71.8
16.6
28.1
48.17
33.26
37.58
30.32
33.48
44
88.89
84.07
81.47
85.55
82.32
77.86
77.52
83.85
63.19
73.62
83.23
69.84
31.32
35.87
36.4

Light
Intensity
171.77
187.6
199.92
210.3
188.07
122.22
231.8
153.46
45.2
62.7
718.2
792
189.6
1186.9
320.1
286.3
164.99
116.66
61.77
106.58
566.3
351.7
194.37
510.7
893.2
1173.2
1037
793.9
1158
1362.7
867.6
910.3
1475.3
897.6
1387.5
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8

4
1
2
3
4

4.62
3.3
7.88
8.48
9.42

Silty Clay
Silty Clay
Silty Clay
Silty Clay
Silty Clay

8.0
8.3
8.2
8.1
7.9

33.39
52.55
50.93
45.4
52.03

1386.4
1273.1
1097.5
1206.5
1760.1
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Table A3: Light intensity measured at all of the sites where quadrats were sampled during the
2018 vegetation surveys. Measured with a LI-250A Light Meter with an accuracy of ± 0.4% of
reading ± 3 counts on the least significant digit displayed (all ranges).
Site

Quadrat

Site 3

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

Site 4

Site 2

Site 6

Site 5

Site 7

Site 7

Site 7

Site 8

Site 8

Light Meter Reading
(µmol s-1 m-2)
45.2
62.7
718.2
792
189.6
1186.9
320.1
286.3
188.07
122.22
231.8
183.46
171.77
177.6
199.92
210.3
164.99
116.66
161.77
106.58
566.3
351.7
194.37
510.7
893.2
1173.2
1037
793.9
1158
1362.7
867.6
910.3
1475.3
897.6
1387.5
1386.4
1273.1
1097.5
1206.5
1760.1
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Table A4: Light intensity measured at the fifteen locations marked in the growth chamber for
each neutral density gel film, and under direct full light. Measured with a LI-250A Light Meter
with an accuracy of ± 0.4% of reading ± 3 counts on the least significant digit displayed (all
ranges).
Location in
Growth
Chamber
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Full Light
(µmol s-1 m-2)
752
747
734
700
658
747
748
735
701
656
755
758
744
702
651

100%
Full Light
(µmol s-1 m-2)
735
739
724
687
647
733
729
721
689
642
744
750
730
673
633

75%
Full Light
(µmol s-1 m-2)
522
531
544
498
471
601
548
602
500
510
561
527
536
488
491

50%
Full Light
(µmol s-1 m-2)
388
368
379
333
341
381
365
355
351
334
370
367
365
329
320

25%
Full Light
(µmol s-1 m-2)
171
192
186
179
161
201
191
180
170
168
198
194
185
171
172
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Temperature °C
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Figure A1: HOBO temperature graphs for all seven temperature germination trials. Temperature was measured
every 4 minutes in the growth chamber using a HOBO UA-002-64 Pendant Temperature/Light Data Logger for 15
day/night cycles.
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Figure A2: HOBO light intensity graphs for all seven temperature germination trials (lum/ft²). Light intensity was
measured every 4 minutes in the growth chamber using a HOBO UA-002-64 Pendant Temperature/Light Data
Logger for 15 day/night cycles.
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